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Measurements of redox balance along the
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Redox balance—the equilibrium between oxidants and reductants—is a key
modulator of a healthy gut and consequently overall well-being. Excess
reactive species, resulting in oxidative stress, are linked to deleterious
processes including inflammation and microbiome dysbiosis. However,
alack of suitable in vivo methods has restricted measurements of redox
balance in the human gut. Here we report a miniaturized ingestible

sensor that is equipped with an oxidation-reduction potential sensor,
anelectrochemical reference electrode and pH and temperature

sensors. We preclinically validate our wireless gastrointestinal (GI) smart
modaule (GISMO) in Gl fluids and an animal model and report in-human
measurements in 15 healthy individuals. Our high-temporal-resolution
data, measured every 20 s, reveal consistent profiles from an oxidative
environmentin the stomach to astrongly reducing environmentin the
large intestine. This non-intrusive method has the potential to advance (Gl)
disease monitoring and offer insights into the gut microbiome.

The gastrointestinal (Gl) barrier plays a crucial role in maintaining
gut health and, consequently, overall homeostasis. It balances the
absorption of essential nutrients and water while preventing entry of
harmful foreign substances and pathogens. Thisbalance s facilitated
by cooperationbetween the host,immune system and gut microbiota'.
Akey modulator and important signalling mechanismis redox balance?.
Although redox state has not generally received levels of recognition
similar to pH, the transfer of electrons inredox reactionsis equally vital
to living organisms as the transfer of protons in acid-base reactions’.
Disturbances in redox biology can lead to oxidative stress—an imbal-
ance between oxidants and antioxidants*—which has been associated

with several diseases and disorders including inflammatory bowel
disease (IBD)*, microbiome dysbiosis®, Gl cancers’ and even early death
in animal models®.

Direct measurements of redox balance are feasible with an oxida-
tion-reduction potential (ORP) sensor. When exposed to a solution,
the voltage difference between aworking electrode and reference elec-
trode (RE) is adirect measurement of redox potential. A positive ORP
value indicates an oxidizing environment; a negative potential indi-
cates areducing environment. Although ORP sensors are commonly
usedinsome disciplines (such as water and soil measurements?), in vivo
measurements have only been performed in rodents®™°. Attempts to
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Fig.1| GISMO ingestible system overview and example data of in-human
redox balance measurements along the gut. a, The miniaturized ingestible
sensor capsule (length 21 mm; diameter 7.5 mm) measures redox balance (ORP),
pH and temperature. b, Data are sent wirelessly to acompact wearable receiver
worn outside the body. ¢, Schematic illustration of the full system in operation.
d, Example data from our human trial show distinct Gl regions. The redox
environment (top) is strongly oxidizing in the stomach, slightly reducing in the
smallintestine and highly reducingin the large intestine. pH values (middle)
were measured simultaneously. Temperature (bottom) was used to confirm
body exit. e, We acquired gut redox reference values in15 healthy participants
fromatotal of 66 ingestibles. The redox values in these healthy volunteers rarely

exceeded 230 mV in the stomach, -26 mVin the smallintestine or -323 mVin the
large intestine (95th-percentile values across all measurements). In adisturbed
gutenvironment, for example due to inflammation or microbiome dysbiosis, an
imbalance between oxidants and antioxidants can occur, leading to an excess of
reactive species and resulting in oxidative stress. This shift to a more oxidative
environmentisindicated by the arrows, moving from the healthy regionin green
(baseline values differ per segment) towards the oxidative stress regionin red.
Thessize of theillustrated segments corresponds to the average regional transit
times: 4.1 hfor the stomach, 6.2 h for the smallintestine and 57.3 h for the large
intestine. Image in ¢ from Pixabay.

measure ORP in humans have been limited to faecal analysis, which
were deemed unsuitable for discriminating between patients and
healthy controls", most likely due to the highly reactive nature of
oxidants and the effect of oxygen in the environment. Other clinical
studies haveresorted toindirectindicators of oxidative stress, such as
oxidative damage to DNA, lipids and proteins, or antioxidant status.
These approaches measure the damage caused by oxidative stress but
donotdirectly capture the dynamic nature of the process™> .
Performing direct measurements inthe human Gl tractis challeng-
ing due to its complexity and inaccessible nature. Common clinical
tools (such as upper endoscopy and colonoscopy), which offer visual
inspection but are invasive, cannot assess the entire Gl tract and lack
sensitivity to oxidative stress”. Wireless capsule endoscopies'®"” do
facilitate inspection of the small intestine. However, they are equally
unsuited for direct redox measurements due to the lack of embed-
ded sensors and the need for bowel preparation, which alters the gut
environment’®. Capsules with embedded biochemical sensing have

been developed but lack sensors beyond pH'**°, blood detection” and
fermentation gases*, and those with additional sensors have not been
appliedinaclinical setting®* 7.

In this Article, we report a miniaturized (length 21 mm, diameter
7.5 mm), low-power, wireless Gl smart module (GISMO). The capsule
is equipped with an ORP sensor, a custom electrochemical RE and
sensors for pH and temperature. Designed to be ingested orally and to
wirelessly communicate with a wearable receiver, it can record along
the entire Gl tract without requiring special bowel preparation. We
reportinvitro validation and in vivo validation in an animal model as
well as results from 15 healthy volunteers.

Miniature ingestible sensor capsule design

To measure redox balance and pH, the GISMO ingestible system uses
aseries of electrochemical sensors, as illustrated in Fig. 1. These sen-
sors are integrated into a wireless ingestible capsule together with
custom electronics for time-multiplexed sensor readout and wireless
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Fig.2| GISMO device and wearable receiver architecture and characterization.
a, Exploded view of theingestible including electrochemical sensors, electronics,
conformal antenna, batteries and RE in a PEEK biocompatible housing. b, Block
diagram of the main parts of the ingestible subdivided in two thin rigid PCBs,
aflexible (flex) PCB with the electrochemical sensors, the RE, batteries and
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providing asimple user interface.

communication, a conformal antenna and two silver oxide batteries,
allenclosedinabiocompatible polyetheretherketone (PEEK) housing
(Fig. 2a). Toreduce the risk of retention and facilitate easy ingestion,
the capsuleissize ‘0’ (21 mm x 7.5 mm), whichis three times smallerin
volume than capsule endoscopes?®, three times smaller than a com-
monly used pH capsule”, 1.7 times smaller than a—not yet clinically
validated—inflammation-marker capsule? and 2.8 times smaller thana
gas-based ingestible sensor®. To achieve such aggressive miniaturiza-
tion, we optimized the volume occupied by all subcomponents.
Although ORP measurements are commonplace in other domains,
successfully deploying them in aminiaturized ingestible capsule neces-
sitates development of compact working electrodes and REs. These
electrodes need to deliver stable performance throughout the meas-
urement and endure the harsh environment of the Gl tract. To this
end, we designed a custom chip witha platinum electrode for the ORP
sensor. Accurate pH measurement is ensured by two redundant pH
sensor chips based onion-sensitive field-effect transistor technology
(ISFET; Sentron). The sensor surfaces are either Pt or chemically inert
glass-like oxides and can withstand the acidic environment of the
stomach. We custom-designed our RE such that drift remains below
0.06 mV h™. The reference occupies the entire dome on one side of the
capsule (59 mm?). The dome contains a Ag/AgClwire immersedinaKCl
gel saturated with AgCl. To protect the sensitive electronics inside the
capsule from the hostile Gl environment, everything is hermetically
sealed with epoxy resin such that only the sensor surfaces and RE are
exposed. The porous RE frit (thickness 0.4 mm and diameter 1 mm) is

designed to ensure an optimal tradeoffbetween electricalimpedance
and leakage to the outer environment (Extended Data Fig. 1).

Thebiochemical sensors areintegrated on aflexible printed circuit
board (PCB), whichis stacked on top of two miniature rigid PCBs con-
taining the electronics (Fig. 2b). The first of these rigid PCBs includes
the electrochemical sensor readout, a low-power microcontroller,
a high-precision temperature sensor and a three-dimensional (3D)
magnetometer. The second PCBincludes a power conditioning circuit,
amagnetic switch for power-on, a3D accelerometer and aradio trans-
ceiver. The use of low-power electronics, hardware reuse for multisen-
sor readout, aggressive duty-cycling and microcontroller software
optimization were key to achieving the desired miniaturization.

To further save volume inside the capsule, we designed a con-
formal wrap-around antenna. In a tradeoff between antenna size and
efficiency on the one hand and path loss through body tissue on the
other hand, 868 MHz (EU license-free band for short range devices)
was selected as the communication frequency. An overview of the
optimal frequencies for different capsule depths and its comparison
to relevant license-free available bands in Europe and Americas is
shown in Extended Data Fig. 2a. Because commercial antenna mod-
ules are designed for operation in air, they perform poorly in-body
due to the characteristicimpedance mismatch. Hence, we designed
our own custom antenna. It is a custom stepped impedance antenna
design® adapted to the frequency and the shell material (PEEK) of the
pillfor efficient operationinside the Gl tract. The antennais designed
in a 172-pm-thick flexible circuit board (Fig. 2c) wrapped around the
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Fig. 3 |Invitro validation of the GISMO sensors. a,c, In vitro validation in
standard solutions. Staircase measurement of ORP (a) and pH (c) profiles using
three ingestibles show good agreement with two commercial sensors (Horiba) in
ORP (alternate) standards in the range of =550 to 280 mV with pH range between
0and 14. The measurements were performed at body temperature (37 °C) within
2 hdueto limited stability of ORP standards prepared in-house by dissolving
quinhydrone in pH buffers. For afull description of the solution, see Methods.
Note that S2is out of the designed range of the electronics because ORP values
above 280 mV are not expected in the human body. It was challenging to create
ahighly reducing environment outside the body; for S8 and S9, we observed
more variability, as well as between the commercial sensors, possibly due to the
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extremely high pH and the short lifetime of the solutions. b,d, To create amore
complex and realistic environment, we performed continuous measurement
of ORP (b) and pH (d) in different types of Gl fluids collected from a pig post
mortem, using three ingestibles versus acommercial sensor (Horiba). Similar
trends between the ingestibles and commercial system were observed. The
measurements were performed at body temperature (37 °C) and at segment-
specific relevant oxygen levels. The ingestibles were briefly taken out of the
anaerobic chamber before entering small intestine conditions, which could
have caused the time lag with the commercial system because ORP sensors are
sensitive to oxygen concentrations.

electronicsjustinside the encapsulating shell, allowing for optimal use
ofthevolumeintheingestible. This optimization achieved anantenna
gainbetween-33.2and -20.8 dBiwhenimmersedinalargebody phan-
tom of 40 cm diameter. The sensor dataare sentin real time wirelessly
and encrypted to an unobtrusive wearable receiver (Figs. 1b and 2d).
A pair of compact non-rechargeable silver oxide batteries
(SR516SW, nominal capacity 12.5 mAh at a voltage of 1.55V each) are
used to power the capsule. This battery chemistry was selected for its
safety and proven use in other ingestible capsules®. The batteries were
assembled using acombination of wire bonding and conductive epoxy.
To ensure sufficiently long shelf life, the entire ingestible is activated
by amagneticreed switchsuchthat the power-off consumptionis only
0.13 pA, which discharges the batteries only ~7-8% over a period of six
months. Inline with typical transit times****, we designed the ingestible
to function for at least five days while measuring and transmitting all
sensors (temperature, dual pHand ORP) every 20 s, which provides very
detailed measurement profiles. The ingestible hasanaverage current
consumption of only 28 pA during normal operation (Extended Data
Fig. 3). After five days, the ingestible switches to an ultra-low-power
mode (9.4 pA average current) where only the temperature and limited

housekeeping data are transmitted. The ingestible can operate for at
least nine more days (two weeks total) in this mode. This provides an
additional safety mechanism to confirm device exit in case of abnor-
mally long transit times. The full functionality, power consumptionand
battery lifetime were tested in a closed container with physiological
saline solutioninan oven at 37 °C (Extended Data Fig. 3c).

Extensive electronic testing was performed to validate the elec-
tronicreadout and communicationrobustnessin representative phan-
toms (Extended Data Fig. 2b,c).

Invitro sensor validation

Tovalidate the ORP and pH sensorsinvitro, we conducted experiments
in progressively complex environments, starting with standard solu-
tions of precisely known concentrations and advancing to porcine
Gl fluids.

For the validation in standard solutions, we used commercially
available ORP standards 0of220 and 600 mV. Due to limited availability
of standardsin other mV ranges—negative commercial ORP standards
donotexist—additional standard solutions were prepared in-house to
generate arange of solutions covering the values anticipatedin the GI

Nature Electronics


http://www.nature.com/natureelectronics

Article

https://doi.org/10.1038/s41928-025-01411-4

tract of -550t0280 mV (refs. 9,34,35). Figure 3a,c shows recordings of
threeingestibles and two commercial systems (Horiba). The measured
ORP values show strong consistency between the ingestibles and the
commercial ORP sensors. Some variability is observed in the negative
ORPsolutions, whichis also seenbetween the two commercial systems.
This variability is likely attributable to the short lifetime of the solu-
tions and the extreme pH levels (pH 12 and 14). These extremely basic
pH conditions are not expected in the Gl tract, but they are needed to
create such a strongly reducing environment outside the body. The
ingestibles systemis designed to measure values up to 280 mV because
higher values are not anticipated in the Gl tract; hence the clipping for
the 600-mV solution. The pH sensors canmeasurein the full pH range
(0-14) and arein good agreement with the commercial systems.

To validate the sensors in a more realistic and complex environ-
ment, we used Gl fluids collected from post mortem pigs placed in a
temperature-controlled anaerobic chamber, mimicking gut condi-
tions (Fig. 3b,d). We observed a slight offset between the commercial
sensor (Horiba) and our ingestibles and some differences among the
three ingestibles in the middle colon and rectum. Nevertheless, the
overall trend was similar. Even though these samples are actual Gl fluids
and the best available method to mimic the gut outside the body, the
properties of the Gl fluids seem to change over time after thawing. We
observed clear phase separationin the sample from the smallintestine,
which resulted in a lower-than-expected pH. The inhomogeneities
in the samples and changing properties could have resulted in some
slight variation in measurements. Despite the challenges, we showed
that ouringestibles canmeasure ORP and pHintherelevant range and
areingood agreement with acommercial system.

Invivo validation in an animal model

Invivo functionality was validated in live pigs,acommonly used model
for the human digestive system>***, One example data trace of ORP,
along with supporting pH and temperature data, is given in Fig. 4a.
Three differentregions of the Gl tract canbe distinguished: (1) stomach
region with ORP values between -50 and 250 mV, (2) small intestine
regionwith ORP values between-250 and —50 mV and (3) large-intestine
region with ORP values lower than =300 mV. Our observations align
with findings from the limited number of rodent studies, where direct
measurements in the caecum of mice and rats have shown similar reduc-
ing environments ranging from 320 to -554 mV (refs. 9,10).

Of the nine ingestibles administered, five examples are shown
in Fig. 4. Of the other ingestibles, one had only pH sensors, and three
stopped prematurely in the stomach (after 22.5and 25 h, respectively)
orinthe beginning of the large intestine (after 48.5 h). In four ingesti-
bles, we could not define the entry of the large intestine based on the
pH profiles as conventionally used. However, we did observe a nota-
ble change in redox values. The example in Fig. 4a shows coinciding
starts of the transitions in pH (from 7.9 to 6.0) and ORP (from -100 to
-350 mV) going from the small intestine to the large intestine. In con-
trast, in four ingestibles without a significant pH change at the transi-
tion from the small intestine to the large intestine, the ORP dropped
from an average 100 mV to -325 mV (Fig. 4b-e). For one of these four
sensor capsules, an ultrasound examination was performed 67 h after
ingestion (Fig. 4e). The ultrasound scan confirmed that the ingestible
was located in the large intestine, as signalled by the low ORP value
(=303 mV), whichwould have been missed based on pH alone.

In-human baseline measurements of redox
balance

For the clinical evaluation, we recruited 15 healthy volunteers and
planned for each to receive five ingestibles. Because this was the first
time these were used in humans, the initial phase of the study focused
onvalidating safety and reliable operation. Participants received one
GISMO capsulein the morning, after an overnight fast. All participants
comfortably ingested the capsule, which passed through their bodies

withoutissues or discomfort, and no abnormal effects were observed.
All capsules successfully recorded data and transmitted data reliably.
After all participants agreed to continue, phase 2 of the clinical eval-
uation commenced two months later. In this phase, the volunteers
received one morning and one evening pill on two separate days spread
over two weeks. The morning ingestibles were given after an overnight
fast; the evening ingestibles were given just before the evening meal. In
total, 69 ingestibles were administered over both phases combined, of
which 66 (Methods) were used inthe subsequent analyses. Theingest-
ible sensors were calibrated pre-ingestion, for interpretation of the Gl
data, and post-excretion, for sensor performance and drift characteriza-
tion. Throughout the trial, we observed robust wireless communication.
During nighttime use, participants placed the wearable receiverandan
additional non-wearable receiver next to their bed. Participants were
allowed toremove the wearable receiver for short durations (for exam-
ple, during showering or light-intensity sports). Despite this, we still
achieved overall data coverage (thatis, percentage of correctly received
data packets) of 90.3% (range 59.1% to 98.9% across all ingestibles).
Excludingthe period when one of the wearable devices malfunctioned
due to being dropped by the participant, the overall data coverage
increased to 90.8%, with a range of 71.5-98.9% across all ingestibles.
Remaining coverage variability is expected to be caused by factors
such as personal habits (for example, relative placement of recording
devices at night, removing the device for showering or performing
sports), because an evaluation of body mass index (BMI) against cover-
age did not show a significant correlation. It is worth noting that the
datafromtheingestible with the receiver malfunction remainrelevant
andrepresentative of the entire Gl tract, as the time when there was no
wearable receiver available is sparsely covered by data received from
the non-wearable receiver and data recovered from the memory flash
ofthe device.Ingeneral, datagaps wererather evenly distributed over
the Gl tract. The most typical gap size (mode as well as median of the
distribution) in our data was a single missed measurement, whereas the
95th and 99th percentile gap sizes were 2.9 and 8.5 min, respectively.
Atotal of 14 gaps were longer than 1 h, with amaximum of 2.5 h. Three
ingestibles showed premature battery failure: subsequent investigation
showed that this was due to a suboptimal conductive epoxy assembly
step, and this assembly step was further optimized to avoid similar
premature battery failures in future devices.

We obtained high-temporal resolution sensor data, measured
every 20 s. Figure 5 shows resulting pH and ORP traces. The differ-
ent Gl segments were annotated based on significant changes in pH
recordings in accordance with generally accepted thresholds (Meth-
ods). Temperature readings were used to confirm pill exit (Fig. 1d).
Combined data from all analysed ingestibles are shown in Fig. 5a. To
account for vastly varying transit times between individuals (Extended
DataTable1), werescaled the time-series datato physiological regions,
making data visualization and interpretation across ingestibles more
intuitive (Methods). We found mean (+ s.d.) pH values of 2.6 (+1.6)
in the stomach, 7.4 (+0.3) in the small intestine and 6.5 (+0.6) in the
large intestine. ORP values decreased over the course of the Gl tract,
starting with an oxidative environment in the stomach (162 + 70 mV),
aslightly reducing state in the small intestine (-126 + 60 mV) and a
strongly reducing environment in the large intestine (=360 + 16 mV).
Thisisto be expected because thereis astrong gradient of decreasing
oxygen concentration and increasing microbial activity along the
gut®, both of which influence redox potential. Our unique biochemi-
cal characterization of the healthy human gut can serve as areference
for future patient studies, with redox values rarely exceeding 230 mV
in the stomach, -26 mV in the small intestine or -323 mV in the large
intestine (95th-percentile values across all measurements), as shownin
Fig.le.Inadisrupted gut, we anticipate that these values will increase,
shifting towards a more oxidative state.

Although the average pH and ORP signals across the 66 ingestibles
display a characteristic profile in which different Gl regions can be
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Fig. 4 |Invivo validation of the GISMO ingestible sensor in pigs. a, Measured
ORP (mV) and pH profiles along the pig’s gut. Azoom-inis provided of the small
intestine-large intestine transition. The vertical lines indicate the stomach-small
intestine and small intestine-large intestine transition based on combined pH
and ORP data. b-e, Sensor readings of an ingestible showing no distinct small
intestine-large intestine transition in pH data, but it was evident in the ORP data.

The vertical lineindicates entry into the large intestine based on the ORP data.
Theingestible was rapidly emptied from the stomach; hence, there is only one
transitionline. ¢, Aningestible with a very comparable profile tob. d, Another
example where ORP could aid localization. e, Similar profile as b-d. For this
ingestible, an ultrasound was performed after 67 h confirming that the ingestible
was in the large intestine, as signalled by the ORP data.

clearly distinguished, individual pH and ORP signals displayed sub-
stantial variability; examples are shown in Fig. 5c-f (see also Extended
DataFigs. 4,5and 6). Most often, the ORP signal was stable across most
ofthe smallintestine before dropping steeply upon entering the large
intestine (Fig. 5¢). In other cases, the ORP signal decreased in two dis-
tinct steps within the smallintestine, potentially corresponding to the
jejunum and ileum section (Fig. 4d). In the remaining cases, the ORP
decreased moregradually (Fig. 4e) or the decline occurred much earlier
in the small intestine (Fig. 5f; see also Extended Data Fig. 5 for amore
extensive characterization of the range of ORP profiles observedin the
smallintestine and Extended Data Fig. 6 for the pH profiles). This vari-
ability in the ORP signal appeared to be consistent within participants;

there was a significant difference among participants in the relative
timing of the pH and ORP drops around the transition into the large
intestine (Kruskal-Wallis test; H(12) = 26.8, P=0.008, 7= 0.31). This
suggests that the timing of these events may reflect some stable physi-
ological or anatomical properties that vary between individuals.

A comparisonbetween the ingestibles administered in the morn-
ing on an empty stomach and those taken in the evening shortly after
ameal is depicted in Fig. 5b. The pH signal in the stomach fluctuates
strongly depending on stomach contents. The pH dips significantly
lower for the evening ingestibles (P=9.999 x 107; cluster-based
permutation test), which has been described previously*°. pH
signals also diverge significantly inthe smallintestine, rising to a higher
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Fig. 5| Characterization of pH and redox (ORP) measurements along the
human Gl tract. a, Average pH and ORP recordings of all 66 pills analysed,
ingested by 15 participants, linearly rescaled to equal-length compartments
(stomach, smallintestine and large intestine). Shaded error margins indicate
the mean +1s.d. across ingestibles. b, Asin a, but with data from phase 2 of the
experimentonly, splitinto ingestibles swallowed in the morning (on an empty
stomach; n=26) compared to ingestibles swallowed in the evening (shortly
before ameal; n=25). Whiskered horizontal lines at the bottom indicate clusters
of contiguous time points that were found to be significantly different between
morning and evening pills in a cluster-based permutation test (V=10,000
permutations; *P < 0.05, ***P < 0.0001; cluster Pvalues, from left to right:
P=0.047,P=9.999 x 107, P=0.023, P= 0.043; all Pvalues are two-tailed).
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c-f, lllustrative examples of different ORP profiles (along with pH signals from
the sameingestibles) observed across the experiment without rescaling to
physiological regions. For clarity of exposition, only the first 24 h of dataare
shown. Vertical lines indicate the (manually annotated) times of small-and
large-intestine entry. ¢, The most common profile, consisting of two sharp
drops coinciding with the ingestible’s entry into the small and large intestine,
asidentified based on pH. d, An example in which the ORP profile shows an
additional, intermediate step drop in the smallintestine. e, An example in which
the ORP profile shows a gradual decrease in the small intestine instead of a sharp
drop. f, ORP profile where the drop in the small intestine is initiated substantially
earlier (about halfway through the smallintestine) than the drop in pH.

level in the evening ingestibles (P=0.023). Similarly, the ORP signal
differs significantly between morning and evening ingestibles in the
distal small intestine (P=0.043) as well as for a brief period in the
stomach (P=0.047).

Redox measurements to improve ingestible
localization

Knowing the Gl segment in which the ingestible is located is key to
assessing regional transit times in patients with motility disorders,
to correlate biomarker measurements to specific gut segments (for
example, to locate inflammation) and to guide drug-release or sam-
pling capsules. Although pH measurements are generally accepted
for segmentation, the transition between small and large intestine

can be difficult to pinpoint™. This is corroborated in both our animal
study and our clinical trial, in which we observed cases of challenging
Gl segment annotation based on pH alone, but when combined with
ORP, distinct gut regions could be discriminated. Figure 6a shows an
example in which clear segmentation based on either pH or ORP is
possible, because they drop at the same time. In other cases, the ORP
measurement showed a significant change in redox environment,
although a clear transition in pH was absent (Fig. 6b,c). We note that
inthe majority ofingestibles, the ORP drop was observed before the pH
drop, andin most other cases they occurred simultaneously. Thisisin
line with ascintigraphy study following the location of aradiolabeled
wireless motility capsule while recording pH values, which noted that
ingestibles pass the ileal-caecal junction before the pH signal starts
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Fig. 6| ORP measurements to support localization. a, Clear smallintestine-
large intestine transitions are visible in both pH and ORP, indicated by the two
arrows. b, Example of a case in whichitis difficult to pinpoint entry into the

large intestine based on pH alone and ORP could be of added value. ¢, Another
example, showing abigjumpin ORP and only agradual drop in pH. The grey
shaded area shows the uncertainty region for pH. The ORP drop, indicated by the
arrow, could help in these cases. For clarity of exposition, only the first 24 h of
dataare shown. ¢, time.

dropping*’. This suggests that ORP measurements could be a better
indication of the anatomicallocation of large-intestine entry. The com-
bined ORP and pH measurements, transmitted to the receiver in real
time every 20 s, offer superior localization compared to pH dataalone.

Clinicalimpact and applications

The GISMO capsule offers easy, affordable and non-intrusive meas-
urements of Gl redox balance without requiring any unpleasant
bowel preparation, providing a potential substantial clinicalimpact.
Redox sensing gives a combined measure of various physiological
processes essential for maintaining gut health and, consequently,
overall well-being. Redox balance is not a specific measure of one
process but rather ameasure of acomplexinterplay between the host,

gut microbiome and immune system that could be used to monitor
avariety of gut disturbances.

Indiseases and disorders of the Gl tract, such as IBD and Gl cancers,
inflammation and dysregulation of the immune response combined
with changes in the microbial community lead to animbalance of oxi-
dantsand antioxidants®”**. For example, indirect markers of redox state
in mucosal biopsies of IBD patients have shown a 10-fold to 100-fold
increase inreactive oxygen metabolites***. Lacking tools to measure
ORPinvivo, the directimpact of inflammation on redox potential can
only be estimated from limited cell culture experiments. Research in
neutrophils has shown that aninduced inflammatory event leads to a
significant, dose-dependent rise in ORP, providing a proof of concept
for the use of an ingestible ORP sensor to detect inflammation®. An
ingestible device that measures inflammation-related markers in the
Gl tract could significantly impact the patient journey, particularly in
screening, stratification and monitoring. For instance, in IBD patients,
about one-third do not respond to initial treatments, and half of the
patients experience diminishing treatment effectiveness over time*.
Inadequate treatment directly affects quality of life, and prolonged
inflammationincreases therisk of irreversible long-term damage to the
intestinal wall*®. There is a clear need for objective biomarkers that can
help guide decisions on changing treatment, adjusting dosage or tran-
sitioning to surgery, to ensure that patientsreceive the right treatment
as quickly as possible*. In follow-up trials with the GISMO ingestible,
the potential of aningestible ORP sensor to quantify both the severity
ofinflammation and its approximate location will be evaluated. These
capabilities would enable more frequent monitoring compared toinva-
sive procedures like colonoscopy or endoscopy and offer amore objec-
tive and timely assessment compared to symptom-based evaluations.

Redox balance in the gut plays a vital regulatory role not only in
Gl diseases but also in shaping overall health through its influence on
the gut microbiome. Redox balance regulates how effectively bacteria
can grow ina certain environment®, Our bodies’ immune system uses
this mechanism by modulating the chemical environment to fight
off invaders®. Changes in redox potential affect not only pathogenic
bacteria but also the large community of commensal gut microbes,
which are a crucial element of the gut barrier**°. The presented data
show thatin healthy people with an anticipated healthy microbiome,
thelargeintestineis strongly reducing. Microbiome disturbances are
expected to shift this balance to an unfavourable, more oxidative envi-
ronment. Limited faecal and post mortem analyses in mice have shown
that microbiome-disrupting antibiotics can induce ORP increases as
large as200-400 mV (refs.49,50), far exceeding the 72-mV-wide range
(5th-95th percentile) that we observed in the large intestine of our
healthy population (seealso the inter-and intra-participant variability
displayed in Extended Data Fig. 4b).

The GISMO capsule has the potential to offer insights into micro-
biome function, moving beyond current methodologies that mainly
rely onfaecal samples. In cases of suspected dysbiosis, ingestible redox
measurements could offer acomprehensive view of gut health across
the entire Gl tract. ORP measurements may also be easier to interpret
compared to microbiome composition data, which can be challeng-
ingtoanalyse due to functional redundancy and high dimensionality.
Further clinical studies are needed to provide deeper insights into
how ORP changes are influenced by microbiome alterations: for exam-
ple, involving individuals undergoing antibiotic treatment, given the
drasticimpact of antibiotics on the gut environment. Insights into this
antibiotics-eradicated microbiome on the one hand and the microbi-
ome of healthy people on the other hand could show the two extremes
of the spectrum and create a foundation for the interpretation of gut
redox studies in other contexts, such as the gut-brain axis, aging and
(nutritional) interventions. In our small cohort of healthy volunteers,
the datasuggest that redox signalsin the large intestine are relatively
comparable between participants and remain stable over time, when
comparing the five ingestibles administered per participant over a
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four-month period. The redox signal was not significantly affected by
our dietary intervention (Extended DataFig. 7), although the diets were
not specifically designed for that purpose. The diets were designed to
createacontrastin protein fermentation. Besides the effect of dietary
pro-oxidants and antioxidants that may survive absorptionin the small
intestine (for example, phenolic compounds), metabolites produced
by microbiota during fermentation, of proteins but also carbohydrates,
have alarge effect on the intestinal environment and gut health®**. The
interplay between nutrition, microbiome and redox balance impacts
fermentation and consequently the production of metabolites. We
foresee thatifthese relationships are better understood in the future,
the GISMO ingestible could play arole in personalized nutrition. Indi-
viduals with disrupted gut health could compare their data to (per-
sonal) reference values and assess how dietary and lifestyle changes
might shift their data closer to their own previous healthy baseline or
to a healthy reference population.

Thein-humanredox values reported in this study vary substan-
tially along the Gl tract. This is to be expected because there is a
strong gradient of decreasing oxygen concentration and increasing
microbial activity along the gut®, both influencing redox potential.
We observed that this variation of ORP along the tract could enhance
localization of ingestibles. Incorporating ORP data alongside pH
information could boost confidence in assessing regional transit
times (for example, in studying motility disorders), guiding sampling
and drug-release capsules and linking measurements to specific
regions of the gut. Follow-up studies with areference standard (such
as ultrasound) should validate the use of ORP for localization. This
variation alongthe tract also means that assessment of redox-based
gut-health measures should be done per segment, based on group
averages or, preferably, personalized predictions. In this work, we
provide areference dataset of gut redox values of healthy volunteers
for the different Gl segments.

A limitation of using ingestibles to assess gut health is the
non-specificity of redox measurements. Although this can be an
advantage as a general indicator of gut health, it may require sup-
plementation with other clinical evaluations to achieve a specific
diagnosis or provide tailored advice. Despite this limitation, given
the scarcity of tools capable of directly objectively measuring inside
the Gl tract, even non-specific measurements can offer significant
value. Follow-up studies are expected to provide greater insight into
specific clinical applications. Another limitation of the GISMO ingest-
ible is its inability to measure at a specific location, as it relies on gut
motility. Additionally, long-term measurements with the same device
arenot feasible; wearable sensors are more suitable for that purpose.
However, the ease of swallowing and minimal impact on the user make
repeated measurements with the GISMO ingestible practical. A final
limitation is the risk of device retention, especially in patients with
strictures: for example, in patients with Crohn’s disease. The small
size of our capsule (three times smaller than camera capsules and a
commonly used pH capsule) should reduce thisrisk, but those patients
should be closely monitored.

Conclusions

We have reported the development, validation and clinical testing of
ingestible sensors that can measure in vivo redox balance along the
humangut. The sensors are designed to work without any unpleasant
bowel preparation and provide real-life measurements. Further clinical
investigations will be required to evaluate our GISMO ingestible sensor
in patient populations. We anticipate thatin vivo ORP measurements
can offer functional insights into the gut microbiome and could enable
easy localization and objective quantification of inflammation, facilitat-
ingimproved disease diagnosis and monitoring. Given the central role
of the gut in maintaining overall health, our ingestible sensors could
enhance understanding of gut-linked diseases, the gut-brain axis,
aging®, (nutritional) interventions*****> and drug-gut interactions>*.

Methods

Ingestible architecture, sensors, electronic design and
electrical testing

The ingestible architecture is shown in Fig. 2b. At the centre of that
architecture is a low-power ARM Cortex M4F-based microcontroller
(STM32L432, ST Microelectronics). It is used to control the system
(sensing, communication, turn-on/off and so on) and to encrypt the
data using AES-128. The system electronics were implemented on
a stack of two 400-pm thin, four-layer high-density interconnect
5.8 mm x10.8 mm PCBs, as shown in Fig. 2c. A third layer implements
the sensor functionality on a150-pm thin two-layer polyimide flexible
PCB. This combination of thin rigid and flexible boards allowed opti-
mizing the volume taken up by the electronics in a tradeoff between
interconnect density and fine-pitch component assembly on the one
hand and substrate thickness on the other hand. A simplified schematic
diagram of the ingestible system electronics is shown in Supplemen-
tary Fig.1. Asub-gigahertzradio transceiver from ST Microelectronics
(S2LP) is used to communicate with the receiver, to receive device
configuration and send measurement data.

We selected the conformal stepped impedance antenna design of
ref.30 asthe basis for the GISMO pill antenna. Reference 30 showed that
this type of conformal microstrip antenna radiates efficiently in lossy
tissue, isrobust against changesin dielectricloading caused by the sur-
rounding tissue, occupies minimal volume in the pill (hence allowing
maximum space for electronic circuitry and sensors) and aims for a
communicationrange up to15 mfor deep (>5 cmdepth) implants®. We
optimized this conformal stepped impedance antenna for operation
inthe selected 868-MHz frequency band considering the dimensions,
the dielectric properties of the filling material and the encapsulation
selected for the GISMO pill. By adjusting the dimensions of the ground
plane, the patch, the slots on the ground plane and the insets on the
patch, we realized an efficient conformal antenna for the GISMO pill.
The antenna is manufactured as a flexible circuit board etched out of
copper on a polyimide substrate and measures 10 mm x 17 mm with
athickness of 172 um. The antenna is attached to the inner wall of the
PEEK tube that contains the electronics and is filled with epoxy. The
simulated radiation efficiency (r) inaspherical phantom with aradius
of 5 cm and filled with muscle tissue equalled 0.5%. This outperforms
commercial smallin-body antennas below1 GHz, which show radiation
efficiencies ranging between 0.02% and 0.3% (ref. 59). Immersed in a
large body phantom of 40-cm diameter filled with muscle tissue, the
optimized conformal steppedimpedance antenna achieved arealized
gain between —33.2 and -20.8 dBi (Extended Data Fig. 2). The nega-
tive value for the realized gain is a consequence of the lossy nature of
humanbody tissue.

The entire communication was extensively validated in vitro in
alarge barrel (120 1, 40-cm diameter) filled with stomach-simulating
liquid as described by ref. 60 (measured relative permittivity of 65.2
and conductivity of 1.17 S m™ at 868 MHz). The -10-dB impedance
bandwidth covered the targeted communication band at 868 MHz
(ref. 39). Radio communication was verified at various distances
between capsule and receiver. A reception rate of 95-100% was
obtained at up to 20 cm (the centre of the 40-cm phantom, in line
with the 95th-percentile waist circumference, females and males com-
bined, asreportedinthe US National Health and Nutrition Examination
Survey®). We found that at the chosen frequency, for the S2LP radio
coupledto our customantenna, +6 dBm (4 mW) of transmission power
was sufficient for reliable communication.

For the ORP sensor, we used a platinum electrode on a Si/SiOx sub-
strate (sputtering40 nmPt+5nmCrasadhesion layer, 700 um x 850 pum;
MicruX). As shown in Supplementary Fig. 1, the ORP sensor voltage is
measured withahigh-impedance amplifier circuit (AD8505ACBZ, Analog
Devices) with input current <1 pA and digitized by the microcontroller
analog-to-digital converter. For the ISFETSs, a readout circuit similar to
the circuit described by ref. 62 wasimplemented. This circuit biasesthe

Nature Electronics


http://www.nature.com/natureelectronics

Article

https://doi.org/10.1038/s41928-025-01411-4

ISFET with a fixed current and source-drain voltage, essentially putting
the ISFET in a source-follower configuration such that any threshold
voltage shift dueto pHchangeistransferredto the source node, whereit
isdigitized by the microcontroller analog-to-digital converter. Finally, a
temperature sensor isincluded (TMP117, Texas Instruments; resolution
0.0078 °C, accuracy +0.1°C), which is primarily used to confirm body
exit. A 3D magnetometer (MMC5633, MEMSIC) and 3D accelerometer
(MC3672, MEMSIC) are alsoincluded.

The RE was optimized to balance electrode impedance and drift.
Three fritdiameter sizes (0.8,1.0 and 1.5 mm) were monitored for their
drift behaviourin 0.1 MKCl (expected concentration of K*and CI" in our
final application). After only 60 h, the RE with a 1.5 mm frit diameter
resulted in a not acceptable drift (Extended Data Fig. 1). By reducing
the diameter tol mm or even 0.8 mm, we obtained good performance:
thatis, a drift of 0.03 mV h™’. Note that the RE was conditioned for 1 h
in3.3 MKClbefore theinvestigation, whichisacommon practice with
most commercial REs. Because the smallest frit diameter of 0.8 mm
resulted in a larger impedance, we opted for the 1-mm frit diameter,
which ensured the best compromise between drift and electrode
impedance (Extended Data Fig.1c,d). With the optimized frit of 1 mm,
we monitored in total ten custom ingestible REs in 0.1 M KCl at 37 °C
for two weeks using four commercial Ag/AgCIREs (Metrohm): custom
ingestible REs 1-3 versus Metrohm RE 1, customingestible REs 4 and 5
versus Metrohm RE 2, customingestible REs 5and 6 versus Metrohm RE
3, and custom REs 7-10 versus Metrohm RE 4 (Extended Data Fig. 1e).
The resulting average drift was 0.042 + 0.012 mV h™.,

The capsule housing is manufactured from biocompatible PEEK
by amilling process, with awindow opening for the sensors. Assembly
of the electronics, batteries, antenna and sensors into the housing is
doneinamanual process guided by tooling. To provide a hermeticseal,
epoxy was used to seal off the sensor window. The epoxy was manually
deposited by trained operators and freshly mixed to ensure a good
seal, avoiding any ingress while at the same time avoiding undesired
coverage of the sensors. Additionally, the complete capsule was filled
with epoxy such that only the ORP, pH sensors and RE were exposed
tothe Gltract.

Wearable and benchtop receiver
The capsule communicates with abattery-powered wearable receiver
(87 mm x 62 mm x 22 mm), which has the same S2LP (ST Microelec-
tronics) radio as theingestible. Sensor data are stored on non-volatile
memory (microSD card, connector size 14 mm x 15.2 mm x 1.98 mm)
and can be read out via USB. This receiver consists of a single custom
PCB, a membrane keypad with two buttons and two bicolour LEDs, a
circularly polarized patch antenna to match the capsule antenna char-
acteristics and primary LR6 batteries. The electronics are packagedin
acustom-designed milled polyoxymethylene enclosure. A schematic
representation of the systemis shownin Supplementary Fig. 2a.
Inaddition,amoreversatilebenchtop receiver (160 mm x 160 mm x
215 mm) with a commercially available omnidirectional antenna
(OmniLOG 90200) was developed. This receiver consists of stacked
development boards for the microcontroller and the radio and a cus-
tom PCB that implements non-volatile storage and a real-time clock
battery. This wall-outlet-powered benchtop receiver can be connected
to a laptop for live monitoring if needed. At night, it is placed beside
the bed for additional data coverage. A schematic representation of
the systemis shown in Supplementary Fig. 2b.

Invitro sensor validation

For the in vitro validation in standard solutions, we used two types of
commercially available ORP standards for the positive ORP values: (S1)
220 mV, pH7 (Mettler Toledo),180-220 mV at 37 °C; and (S2) 600-mV
Redox standard (Supelco 80138, Sigma Aldrich). We chose the ORP
standard 600 mV to verify the design of the electronics (upper design
limit of 280 mV because higher values are not expected in the Gl tract)

and atthe same time provide pH-0 as part of pH sensor validation. We
additionally prepared ORP standards outside the range of commer-
cially available solutions by saturating pH buffers—pH4 (S3) and pH 7
(S4)—with 0.2 gper100 ml quinhydrone (CAS106-34-3,182960, Sigma
Aldrich). The expected ORP values for the pH 7 buffer/quinhydrone
(S4) were between 60 and 120 mV and for the pH 4 buffer/quinhydrone
mixture (S3) between 230 and 290 mV (ref. 63). To prepare negative
(reducing) ORP standards, we followed the ORP standard solution
preparation based on phosphate buffers saturated with quinhydrone
by dissolving 10 g of quinhydrone in 11 phosphate buffer pH 7 stock
solution, which has positive ORP values around 80 mV (S5)*. The nega-
tive ORP standard solution was reached by increasing the pH until we
reached pH 14 by controlled addition of 0.1 M NaOH to 200 ml of ORP
stock solution. We attempted to prepare four different negative ORP
standards: -50 mV (S6), -300 mV (S7), -550 mV (S8) and -400 mV
(S9). However, we noticed that both pH and ORP values changed over
time during the measurements, and it was very challenging to achieve
stable negative (reducing) ORP values. As a general note, quinhydrone
solutions are stable only for a short time period, and measurements
should be completed within2 h.

The porcine Gl fluids used for validation of the pH and ORP
sensors were frozen immediately after collection and thawed a day
before the experiment. The full sample collection protocol is described
in our previous work®*. Six types of digesta were available: stomach,
small intestine, caecum, proximal colon, middle colon and rectum.
Each type of digesta was divided into three beakers: beaker 1 for the
three ingestibles, beaker 2 for the commercial pH sensor and beaker
3 for the commercial ORP sensor. The anaerobic chamber was set at
37 °Cduring the entire experiment. Gas concentrations were adjusted
throughout the experiment to mimic the different Glsegments of the
stomach (atmospheric conditions), smallintestine (10% O,,1.5% H,and
5% CO,) and large intestine (1% O,, 3% H,and 13% CO,)®*°.

Validation of our sensors in an animal model

InDecember 2022, seven healthy pigs (bodyweight 23.4 + 2.1 kg) were
selected forin vivo validation of ouringestible sensor. The experimen-
tal protocol was approved by the Animal Welfare Officer of Wagenin-
gen University and Research. The experiment was carried out at the
Research Facility CARUS at Wageningen University & Research. Pigs
were fed ad libitum with acomplete pelleted diet. Pigs also had unlim-
ited access to water. Pigs were housed on straw bedding with two or
three pigs per pen (2.75 m x 1.38 m) and could freely move within the
pen. Toensure good coverage, atotal of 18 non-wearablereceivers were
placed along the perimeter of the pens.

Clinical study design and study execution

Clinical evaluation of the ingestibles was performed as part of the
PROFUN study. The PROFUN study was a two-week dietary intervention
study with arandomized crossover design. The experimental protocol
was approved by the medical ethical committee of the East region of
The Netherlands (NL84483.091.23) and registered at ClinicalTrials.gov
(identifier NCT06161155). The main objectives of the PROFUN study
were 2-fold: to test the feasibility of the GISMO system and to measure
the effect of protein-source digestibility on ammonium production.
The study was conducted from November 2023 until February 2024.
Informed consent was obtained from all participants.

Individuals were recruited viaa volunteer database of the Human
Research Unit of Wageningen University & Research. Inclusion criteria
were age 16 years and older, BM118.5-30 kg m, regular bowel move-
ments (at least one defecation per 48 h) and suitable veins for cannula
insertion. Exclusion criteria included, among others, (history of) GI
diseases, history of major abdominal surgery, swallowing disorders,
dysphagiatofood or pills, implanted electromedical devices and using
medication that canalter GImotor function. See Supplementary Table 1
for an extensive list. Fifteen participants, eight women and seven men,
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were included. These participants, age 52 + 19 years (mean = s.d.),
were 176 + 9 cm tall, with a body weight of 76.5 +13.3 kg and BMI of
24.6 +3.1kg m™. Two male participants dropped out during the study
duetoavailability and sickness unrelated to the PROFUN study or the
ingestible device (Supplementary Fig. 4). For one participant (P03),
who completed only phase 1ofthe experiment (see below), this meant
thatinsufficient data were available for this participant to beincluded
intwo of our analyses (and their associated figures and statistics). The
statistical comparison of morning versus evening ingestibles utilized
only measurements from phase 2, for which we had no data from PO3.
The analysis of within-participant consistency of the pH/ORP drop
latenciesin the smallintestine required repeated measurements of this
variable for each participant, but only one data point was available for
P03. All other analyses, figures and summary statistics did include the
available data from PO3.

The study was divided into two phases. During phase 1, the feasi-
bility of the GISMO system for safely monitoring biomarkers in the GI
tract was assessed and baseline measurements were performed. Phase
2 was arandomized crossover controlled feeding trial to study the
effect of protein digestibility on protein fermentation. During phase
2, participants adhered twice to a one-week fully controlled diet with
a one-week washout period in between. During phase 1, participants
swallowed one GISMO ingestible, and during phase 2, participants
swallowed twoingestibles per dietary intervention (2 x 2); thus a total
of five ingestibles were swallowed per participant (Supplementary
Fig. 3). During the dietary intervention, participants were provided
for 2 x 7 days with a diet supplemented with 30 g of protein per day
(divided over three meals) either from bovine plasma protein, as a
low-digestible protein, or whey protein isolate, as a high-digestible
proteinsource. The proteins, lipids, carbohydrates and fibre contents
were the same for both diets and corresponded to 12%, 36%, 50% and
2% (w/w) of total energy intake. Adherence to the dietary protocol was
high, as assessed using self-reported food diaries. Forty percent of
participants fully adhered to the prescribed diet, and all participants
demonstrated more than 97% adherence. The diet intervention was
designed for other research questions and appeared not of further
relevance for the redox measurements. See also Extended Data Fig. 7
for acomparison of pH and ORP between the two diets.

Participants swallowed one GISMO ingestible after an overnight
fast (12 h) during phase 1 and during both dietary interventions of
phase 2. Except for the overnight fast, we did not request any additional
preparation fromthe participants. In particular, nobowel preparation
or cleansing of any sort was required. The ingestible was swallowed
together with 200 ml lukewarm water. After swallowing the ingest-
ible, participants drank approximately 150 ml of room temperature
water every 15 min to study change in monitored temperature, which
indicated whether the ingestible was stillin the stomach or had moved
tothesmallintestine. If the ingestible had passed into the smallintes-
tine, therelative cold water would notinduce a drop in the monitored
temperature. Whenthe ingestible had left the stomach, or at most after
1h of swallowing the ingestible, the participant was given a standard-
ized breakfast meal. During phase 2, participants swallowed a second
GISMO ingestible directly before their evening meal, also with 200 ml
lukewarm water. Participants were given their evening meal directly
after, regardless of whether the ingestible had left the stomach.

Safety and acceptance of the technology
The GISMO ingestible sensor system was designed and evaluated in
accordance with the European Medical Device Regulation. Preclinical
evaluationincluded, among others, biocompatibility testing, electrical
safety assessment and electromagnetic compatibility (EMC).
Evaluation of biocompatibility in accordance with the ISO10993-
1:2018 standard was performed on the device and showed acceptable
risk levels of sensitization, irritation, acute systemic toxicity and cyto-
toxicity endpoints.

EMC testing of the ingestible and receiver was evaluated inaccord-
ance withthelEC 60601-1-2:2014 standard, showing thatboth devices
comply with EMC criteria for basic safety and the risk of data loss is
acceptable. Also, an electrical safety risk analysis, related to IEC 60601-
1:2005 requirements for electrical hazards, concluded that no unac-
ceptable risks related to electrical hazards were present.

Thelong-term comfort of the wearable receiver was initially evalu-
ated in a usability trial. The mechanical design, the clarity of the user
interface and system stability under trial conditions of the wearable
receiver were validated by a four-day trial involving six participants.

The PROFUN clinical trial participants were positive about the
comfort of the ingestible and receiver. Participants were asked to
score specific characteristics of the ingestible capsule from 1 (totally
disagree) to 5 (totally agree). Results showed that participants found
swallowing theingestible very easy (4.5/5), they were more than willing
toswallow multiple sensor capsules again (4.6/5), and they did not feel
bothered by the idea of having an experimental sensor capsule inside
theirbody (3.7/5) or restricted in their activities by the sensor capsule
(3.7/5). Participants also did not feel restricted by wearing the wearable
receiver on their body (3.2/5).

Also, noadverse eventsrelated to the device occurred during the
entirety of the study. All ingestibles were excreted within eight days.
We observed longer than expected transit times in some participants,
potentially duetothedietary intervention. See Extended Data Table 1.

Sensor preparation, verification, calibration and

acceptance range

The same sensor preparation steps were used for in vitro validation,
invivovalidation and clinical trial. Ingestibles were disinfected before
use (isopropyl alcohol 70%). The verification and calibration steps were
all performed in a water bath at body temperature (37 °C).

The ORPsensors were verified using a one-point standard solution
(51350060,220 mV/pH 7, Mettler Toledo; 180-220 mV at 37 °C). Ideally,
we would have conducted an additional verification for negative ORP
values; however, due to lack of commercial standards in that range
and the widely accepted practice of one-point verification—because
redox electrodes typically maintainastable zero point and slope over
time—we chose the one-point verification.

The pH ISFETs were calibrated in four different pH standards of
pH 2,4, 7 and 9 (Avantor 20 °C AVS TITRINORM; accuracy +0.02 pH
units). An additional pH verification was performed with a PBS solu-
tionat pH7.4. Calibration datawere analysed to guarantee acceptable
slope and offset (-49 mV per decade < slope < -56 mV per decade and
300 mV < offset <1,300 mV) and used to convert the mV readings into
pHvalues.

Clinical trial data processing

Foreachingested pill, datawere collected from two receiving devices:
the wearable receiver and a non-wearable receiver for nighttime use;
and in two cases, data were recovered from the flash memory of the
ingestible. Flashmemory is by design one-ninth of the dataandis only
meant tobe abackup option; pillsneed toberecovered toread out the
flash memory. These were merged into one dataset. Datadeemed faulty
or untrustworthy were excluded from further analysis, based on the
following criteria. For one ingestible, one of the two pH sensors failed
the prestudy calibration acceptance criteria, and thus data from this
one pH sensor were not analysed. Out of 69 ingestibles, three ingesti-
bles were completely removed from analysis, leaving 66 remaining
for evaluation. One participant (P13) became ill and experienced Gl
symptoms during the second dietary intervention, and therefore data
fromthis period (twoingestibles), whichwould not be representative
of normal healthy gut conditions, were excluded. Oneingestible had a
premature shutdown due to battery failurein the stomach; thisingest-
ible was removed because we did not have a complete Gl segment.
For another nine ingestibles—two other ingestibles with premature
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shutdown due to battery failure, one in the small intestine and one
in the large intestine, and seven ingestibles with unexpectedly long
transit timesthat entered into ultra-low-power mode before excretion,
resultinginincomplete coverage of some Gl segments—only segments
were analysed for which a beginning and end could be identified, and
segment summary statistics were computed only if the ingestible had
completed at least 80% of its transit time through a segment before
pillshutdown. Finally, data points were excluded from analysis if they
closely approached the range limits of the electronic circuit, which
could occur in the case of a gas bubble temporarily covering a sensor
ortheRE.Onaverage, 0.6% of measurements were excluded per ingest-
ible, witha maximum of12.2% (not including cases where entire ingesti-
bles, sensors or segments were excluded). pH measurements were
averaged across the two pH sensors before further analysis; when only
onesensor was available, the measurement from that sensor was used.
Two pH sensors showed an unrealistic large drift; for those ingestibles,
only the other pH sensor was used. Data analysis was implemented in
Pythonscripts using Pythonv.3.12 and Python packages numpy (v.1.26),
scipy (v.1.14) and pandas (v.2.2).

Clinical trial sensor performance

To be able to confirm the performance of the sensors throughout the
entire Gl tract and their stability over time, we asked participants to
collect all their faeces from the moment of ingestion until confirmed
body exit. Retrieved ingestibles were washed and inspected with an
optical microscope. We did not observe any sensor or capsule damage
or deterioration. Fromthe retrieved ingestibles from the clinical trial,
werepeated the pH and ORP sensor validation post-ingestion in vitro
in ORP (alternate) standard solutions using three ingestibles and two
commercial ORP sensors. As shown in Extended Data Fig. 8, both pH
and ORPsensorsof the retrieved ingestibles from the clinical trial show
performance similar to that of the new ingestibles (Fig. 3).

Clinical trial redox sensor performance

Pre-ingestion, all 66 analysed ORP sensors were within the expected
180-220 mVrange, withanaverage 0of204.6 + 6.4 mV. For post-excretion
verification, 63 sensors were available: one ingestible was flushed down
thetoilet, and two ingestibles were accidentally stored in the freezer by
the participants—they were not designed for this and hence stopped
working. With post-excretion values 0f 197.8 + 9.8 mV, a neglectable
absolute drift of 8.3 + 6.2 mV was observed, and all but three sensors
(176.8,179.8,227.3 mV) were within acceptance criteria.

Clinical trial pH sensor performance

During the calibration before ingestion, for all 66 analysed ingest-
ibles, all but one of the 131 pH sensors were within the acceptance
range, with an average slope of -54.0 + 0.9 mV per decade and offset
0f996.6 £102 mV. One pH sensor had aslightly lower slope (-47.9 mV
per decade) than the acceptance criteria, and for that ingestible, the
second pH sensor was used for further analysis.

We recalibrated the ingestibles after retrieval to assess sensor
performance and drift. Of 63 available ingestibles, excluding one pH
sensor that gave zero values, all pH sensors were within acceptance
range withan average slope of -54.3 + 0.7 mV per decade and offset of
982 +101.9 mV. The failed pH sensor during post-calibration was from
adifferent ingestible than during pre-ingestion calibration, meaning
that all 66 ingestibles had at least one working pH sensor throughout
the Gl tract.

Extended Data Fig. 9 shows example pH calibration profiles
pre-ingestion and post-excretion for an ingestible with a median
drift profile, the ingestible with the shortest transit time (14 h)
and the ingestible with the longest transit (178 h). The sensitivity
(slope) of all but one pH sensor remains similar between pre- and
post- ingestion despite the harsh conditions in the Gl tract and
any potential fouling. The absolute sensor drift varied between

0and40.2 mV (after removing one extreme outlier with an unrealis-
tic high drift of 75.2 mV; this sensor was excluded from all analyses
(see ‘Clinical trial data processing’)) with an average 14.6 + 10.6 mV.
The offset drift did not appear to be linearly dependent on total
transit time. For example, the absolute offset drifts of the ingestible
with the shortest transit time (14 h) were 3.0 and 5.1 mV (0.20 and
0.36 mV h™), respectively, whereas the offset drifts of the ingestible
with the longest transit time (178 h) were 12.9 and 17.6 mV (0.07 and
0.10 mV h™). Allinall, we can conclude that both pH and ORP sensors
showed good performance and stability over time throughout the
entire Gl tract.

Annotation of the sensor signals

The different segments of the Gl tract were annotated based on pH
recordings. Following guidelines from previous work®®, we relied on
known pH fluctuations to segment our sensor time-series data into
stomach, small-intestine and large-intestine compartments. Specifi-
cally, stomach exit was defined as the time of asharp and sustained rise
in pH (at least 2 units, not followed by any time points below a pH of
4.5). Transit from smallintestine to large intestine (ileocecal junction)
was defined as the beginning of asteep drop in pH of at least 0.5 units.
Temperature readings were used to determine body exit. In addition,
thetimingofasharp dropin ORP (atleast100 mV, withastarting value
around -200 mV), shortly before the presumed entry into the large
intestine, was also annotated.

Time-series alignment between ingestibles

To aggregate sensor time-series dataacross multiple ingestibles, which
passed through participants’ Gl tracts at different (and varying) rates
of travel, we aligned the signals from different ingestibles based on
the Gl compartment segmentations (see ‘Annotation of the sensor
signals’). Data from each segment were resampled from the original
measurement times to a common time frame of 500 linearly spaced
time points between segment startand end points, bringing data from
differentingestibles into alignment and enabling summary statistics
to be computed across corresponding data points. We refer to this
method as ‘linear rescaling’.

Statistical procedures

To determine whether sensor measurements differed reliably between
different experimental conditions (for example, morning versus even-
ing pills) at any moment in the capsules’ transit through the Gl tract,
we employed a cluster-based permutation test®. Briefly, a cluster is
defined as a set of contiguous time points that all individually exceed
astatistical threshold of P < 0.05 (two-sided) based on a (paired) t-test.
The magnitude of acluster is defined as the cumulative ¢-statistic across
its constituent time points. A null distribution of cluster magnitudes
isthen constructed by permuting the data Ntimes, each time swapping
the condition labels of a random subset of signals and recording the
maximum cluster magnitude observed in each permuted datasample.
Finally, a (two-sided) Pvalueis assigned to each cluster observedinthe
original (not permuted) data by computing the proportion of cluster
magnitudes recorded across data permutations that exceeded the
observed cluster’s magnitude: P = /%11 where kis the number of data
permutations for which the (absolute) maximum cluster magnitude
exceeded the (absolute) observed cluster magnitude.

Around the (apparent) time of entry into the large intestine, both
the ORP and pH signals reliably exhibit a drop, but the relative timing
ofthese eventsis variable. To determine whether this timing was con-
sistent within participants, aKruskal-Wallis test was performed on the
latency of the pH drop compared to the ORP drop, with participant as
the grouping variable, and a corresponding effect size was calculated

= =51 \where H is the Kruskal-Wallis test statistic, k is the

n—k '

number of groups and nis the total number of data points.

as n?
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Access to underlying data, information on other study parameters
and other types of subsets requires controlled access, given that the
nature of the datafalls under special categories of personal data. Hence,
processing of these datais subjected to specific provisions and require-
mentsassetoutinGeneral Data Protection Regulation 2017/679. Restric-
tions related to existing data-sharing agreements between concerned
parties involved may apply. The data that support the findings of this
study canbe made available uponrequest to the corresponding author
within the limitations of the applicable regulations and ethical limita-
tions. Weintend to respond to data requests within three months.
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Extended Data Table 1| Regional and total transit times as measured by the GISMO ingestible

Parameter Group N Median (h:min) Min (h:min) Max (h:min) 5th percentile (h:min) 95th percentile (h:min)
All 66 01:M 00:03 13:12 00:18 n:12
Baseline 15 00:39 00:18 0116 00:20 0113
Gastricemptying _Diet WPI 24 04:31 00:03 13:12 00:33 12:06
time Diet BPP 27 04:29 00:06 N3 00:13 10:58
Morning VY 00:46 00:03 05:35 00:11 05:00
Evening 25 09:48 01:08 13:12 01:49 12:04
All 65 06:17 01:33 10:38 03:00 09:05
Baseline 15 06:15 02:21 09:39 03:27 09:16
Smallintestinal Diet WPI 24 06:13 01:33 10:04 02:49 08:35
transit time Diet BPP 26 06:52 02:48 10:38 03:53 08:55
Morning VY 06:18 02:21 10:38 03:45 09:39
Evening 24 06:07 01:33 08:45 02:50 08:24
All 65 45:58 06:07 168:48 13:54 121:37
Baseline 15 41:00 13:34 97:32 16:18 90:39
Large intestinal Diet WPI 24 4513 13:03 138:37 16:26 14:07
transit time Diet BPP 26 54:42 06:07 168:48 08:31 140:47
Morning iy 45:07 06:17 168:48 15:13 121:57
Evening 24 51:17 06:07 147:04 13:58 N7:47
All 66 61:46 14:13 178:03 22:36 133:18
Baseline 15 49:01 22:26 104:28 23:01 97:41
Whole guttransit _ Diet WPI 24 52:36 15:45 146:28 23:27 121:34
time Diet BPP 27 71:40 14:13 178:03 17:53 151:50
Morning 4 51:51 15:34 178:03 23:04 132:55
Evening 25 73:03 14:13 159:45 17:47 130:18

The ingestibles are grouped in the different experimental conditions. All: summarizing the data of the 66 ingestibles of the entire study; Baseline: data of phase 1 of the study, participants are
on their habitual diet, ingestibles are given in the morning; Diet WPI: Whey Protein Isolate diet intervention, including the morning and evening pills; Diet BPP: Bovine Plasma Protein, including
the morning and evening pills; Morning: all ingestibles given in the morning, including baseline WPl and BPP diet; Evening: all ingestibles given in the evening, including WPI and BPP diet. Note
one of the ingestibles had a premature shutdown in the small intestine, hence missing small and large intestinal transit times, retrieval of the pill gave us the whole gut transit time.
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Extended Data Fig. 1| Reference electrode (RE) design and optimization.

(a) Optical image of the RE dome of the ingestible; the white circular area

represents the porous frit material. (b) 3D drawing of the ingestible case where

the red dome represents the reference electrode volume. (¢) Drift and (d)

electrochemical impedance study of a series of RE having three different frit

150
Time (h)

200 250 300 350

to optimize the RE performance. The RE with a1l mm frit diameter shows the
best compromise in terms of drift and electrochemical impedance. (e) Potential

profile of 10 ingestible reference electrode versus acommercial Ag/AgCI RE

recorded in 0.1 MKCl at 37 °C. The potential of the REs was monitored for more
than 325 h showing highly reproducibility and an overall drift <0.06 V/h.

diameters, thatis 0.8,1and 1.5 mm. The diameter of the porous frit was evaluated
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Extended Data Fig. 2| Optimization and performance of the custom-designed band that will work well over a various range of capsule depths. (b) Measured
ingestible antenna. (a) Overview of simulated optimal communication realized gain of the antennain alarge phantom of 40 cm diameter filled with
frequencies from anin-body capsule for different capsule depths. Simulation muscle tissue, with values between —33.2 dBi and -20.8 dBi. Negative value is
of aningestible communicating from the center of spherical phantoms of aconsequence of the lossy nature of the human body tissue. (c) Measured S11

different radius show the selected 868 MHz band as the most optimal license-free  reflection of used antennain phantom.
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aiming to detect ingestible excretion or confirmits in-body presence for
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Extended Data Fig. 4| Between- and within-subject variability in pH and ORP
measurements. Variability was calculated over linearly rescaled pH (left panel)
and ORP (right panel) time courses. This analysis only included subjects for
whom data from all five experimental conditions were available. Total variability
was calculated as the standard deviation across all ingestibles (for each rescaled
time point - this is equivalent to the shaded error margins presented in Fig. 5a).
To calculate between-subject variability, time courses were first averaged

across all conditions (diets and morning and evening pills) for each subject,

and then the standard deviation was computed across these subject-average
time courses. Strict within-subject, repeated-measurements variability is
somewhat challenging to estimate on our data, since no experimental condition
was precisely repeated within the experiment. However, while we saw clear
differences between morning and evening ingestibles (Fig. 5b), no significant
differences could be detected between ingestibles swallowed the WPl and BPP
diets (Extended Data Fig. 7). For the purposes of this analysis, we therefore take
these as our best available proxy of repeated measurements (two measurements
each, of the morning and evening conditions) and calculated the standard

Small intestine
Time (relative to segments)

Stomach Large intestine
deviation across these data points. Note that there is high variability in the
stomach for both sensor modalities, due the ingestion of food and drink, which
can cause dramatic fluctuations in the chemical composition of the stomach
contents. Inthe smallintestine, a clear difference can be seen between pH and
ORP, with the former being far more consistent. ORP is especially variable
towards the end of the smallintestine, as we noted previously, but appears to be
more consistent within, than between subjects there. This is consistent with our
observation that the relative timing of the ORP and pH drops towards the end of
the Sl was also somewhat consistent within subjects. Interestingly, ORP is very
stablein the large intestine of these healthy subjects, which lends confidence
that these measurements represent a reliable healthy baseline against which
deviations, linked to disturbances in gut health, might be detected. Finally, it
isworth bearing in mind that the variability shown in these plots can be caused
by differences in sensor measurements at a given locationin the gut, or by
differences in the rates of transit of different capsules through different stages of
the Gl tract.
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and large intestine), and plotted in separate panels for each of the 15 participants, with up to 5 different conditions for each participant plotted in different colors.
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oftime points being compared). In short, we observed no significant effect of
the dietary intervention on the pH or ORP measurements in any part of the Gl
tract. (b) Scatter plots of WPI-diet vs. BPP-diet transit times of the ingestible
capsules through the stomach, smallintestine, large intestine, and the whole gut,
separated out for ingestibles taken in the morning and in the evening. Equality
lines are plotted along the diagonal of each panel, such that points above the
diagonalindicate capsules whose transit times were longer for the BPP diet than
the WPI diet. Wilcoxon signed-rank tests revealed no significant effect of dietary
intervention on any of these transit times (two-tailed Pvalues reported in panels;
smallest Pvalue: p = 0.13, for the evening pills’ whole-gut transit time).
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Extended Data Fig. 8 | In vitro validation of the GISMO sensors post-ingestion.
Staircase measurement of ORP (a) and pH (b) profiles using three ingestibles

post-ingestion retrieved from the participant of the clinical trial versus two
commercial sensors (Horiba, Kyoto, Japan) in ORP (alternate) standards in

measurements were performed at body temperature (37 °C) within2 hdue to

limited stability of ORP standard prepared in house by dissolving quinhydronein
pH buffers. The total transit times of these ingestibles were 46 h,23 h,and 25 h.
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Extended Data Fig. 9 | Pre-ingestion calibration versus post-excretion

show the same for aningestible with the longest transit time of more than 7 days

(12.9 mVand 17.6 mV drift).

calibration profiles of in total six pH ISFETs of three retrieved ingestibles with
different transit times. (a) and (d) show ISFET1and ISFET2 of a pill with a median

drift profile (15.1 mV and 13.0 mV). (b) and (e) show the calibration of the pill with
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developed for configuring data collecting settings and downloading of the data.

Data analysis Data analysis was restricted to conventional and established methods, and implemented in Python (v. 3.12) scripts, making use of the
"numpy" (v. 1.26), "scipy" (v. 1.14) and "pandas" (v. 2.2) packages (precise versions of these are not expected to materially influence the
results).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Access to underlying data, information on other study parameters and other types of subsets requires controlled access given the nature of the data falls under




special categories of personal data. Hence, processing of this data is subjected to specific provisions and requirements as set out in GDPR 2017/679. Restrictions
related to existing data sharing agreements between concerning parties involved may apply. The data that supports the findings of this study can be made available
upon request to the corresponding author within the limitations of the applicable regulations and ethical limitations. It is intended to respond to data requests
within 3 months.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Fifteen subjects, 8 women and 7 men, were included in the clinical trial. We attempted to have a balanced inclusion. Sex
were self-declared.

Population characteristics Inclusion criteria were age 16 years and older, body mass index (BMI) 18.5-30 kg/m2, regular bowel movement (at least one
defecation per 48 hours), and suitable veins for cannula insertion. Exclusion criteria included, among others, (history of)
gastrointestinal 45 diseases, history of major abdominal surgery, swallowing disorders, dysphagia to food or pills, implanted
electromedical devices, using medication that can alter gastrointestinal motor function.

Note one of the participants had a BMI above the inclusion criteria (30.9 kg/m2), for which a protocol deviation has been
reported to the local medical ethics committee.

The subjects, aged 52 £ 19 y (mean + SD), were 176 + 9 cm tall, with a body weight of 76.5 + 13.3 kg, and BMI of 24.6 + 3.1
kg/m2.

Recruitment Subjects were recruited via a volunteer database of the Human Research Unit of Wageningen University & Research. The
selection procedure might have induced some bias, since the database includes research-minded volunteers, with a
potentially similar background, though we did observe a wide range in age. We only included people with a good
understanding of the Dutch language, which might also have introduced a bias. Since this study was only a first pilot in
healthy volunteers, we did not aim to get a representative sample of the whole population.

The subjects were self-declared healthy volunteers. For the interpretation of the ORP baseline values it's good to realize that
'healthy' can be a subjective term.

Ethics oversight Medical ethical committee of the East region of The Netherlands (NL84483.091.23)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations could be performed because this is the first time redox balance measurements have been performed in human.

The human trial was considered an exploratory study which focussed on both the feasibility of the ingestible as on a dietary intervention with
contrasts in protein digestibility. A total of 15 participants were included in the study. As the overall aim of the trial was to study the effect of
dietary protein sources on protein fermentation, the sample size was based on this. However, a solid power calculation was not possible as
there is also limited information in literature about the relation between protein digestibility and protein fermentation related metabolites.
But there are multiple studies that focused on the effect of increased dietary protein intake on protein fermentation by measuring protein
fermentation related metabolites in urine or feces of 4-17 subjects per treatment [1-4]. We chose to perform the study with a number of
participants in the upper range of these aforementioned studies: n=15.

A power analysis for the ingestibles ORP sensor would also not have been possible since this is the first time redox balance is measured in the
human Gl tract.

The study was designed as a cross-over clinical trial design to increase statistical power even with a relatively low number of participants,
because participants act as their own control.

1. Cummings, J. H., Hill, M. J., Bone, E. S., Branch, W. J. & Jenkins, D. J. The effect of meat protein and dietary fiber on colonic function and
metabolism II. Bacterial metabolites in feces and urine. Am J Clin Nutr 32, 2094-2101 (1979).

2. Geypens, B. et al. Influence of dietary protein supplements on the formation of bacterial metabolites in the colon. Gut 41, 70-76 (1997).
3. Magee, E. A, Curno, R., Edmond, L. M. & Cummings, J. H. Contribution of dietary protein and inorganic sulfur to urinary sulfate: toward a
biomarker of inorganic sulfur intake. Am J Clin Nutr 80, 137-142 (2004).

4. Russell, W. R. et al. High-protein, reduced-carbohydrate weight-loss diets promote metabolite profiles likely to be detrimental to colonic
health. Am J Clin Nutr 93, 1062—-1072 (2011).
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Data exclusions  Data that were deemed to be faulty or untrustworthy were excluded from further analysis, based on the following criteria. For one ingestible,
one of the two pH sensors failed the pre-study calibration acceptance criteria, and thus data from this one pH sensor was not analyzed. Out of
69 ingestibles, three ingestibles were completely removed from analysis, leaving 66 remaining for evaluation. One subject became ill and
experienced Gl symptoms during the second dietary intervention, and therefore data from this period (two ingestibles), which would not be
representative of normal healthy gut conditions, were excluded. One ingestible had a premature shutdown due to battery failure in the
stomach; this ingestible was removed because we did not have a complete Gl segment. For another nine ingestibles — two other ingestibles
with premature shutdown due to battery failure, one in the small intestine and one in the large intestine, and seven ingestibles with
unexpectedly long transit times that entered into ultra-low-power mode before excretion, resulting in incomplete coverage of some Gl
segments — only segments were analyzed for which a beginning and end could be identified, and segment summary statistics were only
computed if the ingestible had completed at least 80% of its transit time through a segment before pill shutdown. Finally, data points were
excluded from analysis if they were too near, or exceeded the limits of the electronics, or in case of very abrupt and intense fluctuations in the
measurements that were deemed unlikely to be physiological in origin. On average, 0.7% of measurements were excluded per ingestible, with
a maximum of 12.16% (not including cases where entire ingestibles, sensors or segments were excluded).

Replication This is an explorative study, showing the first-in-human data of redox balance in human. We did not aim to replicate the data. Follow-up
studies will be needed to replicate the data and show the role of redox balance in patient groups (as described in the clinical impact and
applications section).
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The in-vitro validation was preformed with multiple ingetibles (2x 3 ingestibles), showing good agreement between sensors (Fig 3).
Performance test on the reference electrodes were performed on 10 referlence electrodes, showing good agreement (Extended Data Fig 1).
Power profiles and operations times were tested in dublicate. Showing very similar behavior (Exteneded Data Fig 3).

Randomization  The participants in the study received two different protein sources in a cross-over dietary controlled trial. The order of the protein sources
was randomized.

Blinding Participants were blinded to the used protein source, investigators were not blinded. We did report on the difference in ORP between the 2

diets, but this was not the main objective of this study, it was only an additional analysis. That is why blinding was not deemed necessary for
that specific analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
[ ] Antibodies [] chip-seq
[] Eukaryotic cell lines [] Flow cytometry
|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

[ ] Dual use research of concern

XOOXKXX &

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Seven gilts (Landrace/Large White), with average body weight of 23.4 kg. Around 10 weeks old.
Wild animals Study did not involve wild animals.
Reporting on sex Only female pigs were used due to availability. Sex was not considered in the study designs. Results are applicable for for both sexes,

although individual variation needs to be taken into account.

Field-collected samples  The 7 pigs, were housed in pairs of 2 or 3 on straw. Room temperature was maintained at 21 degree Celsius with a 12h light/dark
cycle, switching at 7:00 and 19:00. Pens were cleaned daily. Animals had ad libitum access to water.

Ethics oversight The experimental protocol was approved by the Animal Welfare Officer of Wageningen University and Research.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

Data collection

Outcomes

NCT06161155

The study overview, objectives, study population, and study design can be found on clinicaltrials.gov. https://clinicaltrials.gov/study/
NCT06161155

Study start: 2023-11-21; study completion 2024-02-07. Ingestion of the ingestible devices was done at the Human Research Unit at
Wageningen University & Research. Data collection started there. People were allowed to go home and continue their normal
routines after. Data collection finished after the exit of the ingestibles were confirmed.

The objectives of the study were:

Primary Objective(s):

¢ To investigate the feasibility of the GISMO GEN1 System to monitor biomarkers in the gastrointestinal tract by studying the
ingestible transit time, data coverage, participant experience, and serious adverse events (if applicable).

¢ To investigate the effect of a 7-day high versus low digestible protein source present in the diet on protein fermentation in healthy
subjects, measured by ammonia concentrations. Ammonia will be measured in feces, urine, and with the ingestible.

Secondary Objective(s):

e To correlate protein fermentation related metabolites between feces, urine, blood, and the GISMO GEN1 ingestible.

¢ To investigate the effect of protein fermentation on pH profiles in the gastrointestinal tract measured by the GISMO GEN1
ingestible.

e To investigate the effect of a 7-day high versus low digestible protein on microbiome composition in feces.

¢ To investigate the correlations between protein fermentation related metabolites and gastrointestinal transit time.

e To compare absorption kinetics of amino acids and protein fermentation metabolites in blood between a high versus low digestible
protein diet.

For the primary objective, we proved the feasibility of the GISMO GEN1 system. The mean transit time of the ingestibles was 67.5 (SD
7.2) hours. Overall data coverage (i.e., percentage of correctly received data packets) was 90.3% (range 59.1-98.9% across all
ingestibles). Participants confirmed the ease of use and confirmed that they were wiling to take another ingestible. There were no
device related adverse events.

The other objectives were all designed to study protein fermentation. This is not relevant for the data presented in this manuscript.
There is no direct hypothesized relationship between the ORP sensor and protein fermentation.
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Supplementary Fig. |. Simplified schematic diagram of the ingestible electronics.
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Supplementary Fig. 2. Block diagram of the wearable and benchtop receiver
system. (A) The battery powered wearable receiver has a microcontroller for handling the
overall device operation and sensor data acquisition. The sensor data is stored on an SD card
and can be read out when connected via USB to a dedicated PC application. It has a custom
user interface (Ul): a membrane keypad with two buttons and two bi-color LEDs for receiving
input and providing operational feedback to the user. (B) The benchtop receiver also has a
microcontroller that handles overall device operation. It is powered externally via a medical
grade power adaptor and has an LED to indicate that. It has an external OmniLOG 90200

antenna.
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Supplementary Fig. 3. Study design of the PROFUN study. During phase |, baseline
measurements were done using the GISMO ingestible and by measurements in feces and urine.
Phase 2 consisted of two dietary intervention periods in a cross-over design, both with the
duration of I-week with a |-week washout period in between. The difference between the
diets was the supplementary protein source (30 grams per day; divided over 3 meals), either
Bovine Plasma Protein (BPP), a low digestible protein, or Whey Protein Isolate (WPI), a high
digestible protein.



Supplementary Table I. Inclusion and exclusion criteria for the PROFUN study.

Inclusion Men and women aged 216 years

criteria BMI 18.5-30 kg/m?

Regular bowel movement: at least one defecation per 48 hours
Suitable veins for cannula insertion

Exclusion Diseases

criteria Having a current or past medical history or surgical events that may either put the subject as risk because of
participation in the study, or influence the results of the study, including, a swallowing disorder,
gastrointestinal or liver or endocrine or renal disease, any other chronic condition, partial bowel
resection, renal failure, cancer, nose/throat diseases, gastric bypass surgery

Use of any medications in the week before the study that could substantially alter gastrointestinal motor
function (e.g., opioids, prokinetics, anticholinergics, laxatives), or acidity (PPl, H2RA)

Having a bleeding/coagulation disorder (e.g. hemophilia, Von Willebrand disease, Bernard-Soulier, Glanzmann
thrombasthenia or thrombocytopenia)

Swallowing disorders (e.g. dysphagia, any oropharyngeal or oesophageal stricture, functional abnormality, or
anxiety disorders related to swallowing disorders)

Severe dysphagia to food or pills

Suspected or known strictures, fistulas, or physiological/mechanical Gl obstruction

Previous Gl abdominal surgery (exceptions: uncomplicated appendectomy, laparoscopic cholecystectomy, and
tube ligation)

Suffering >2 times per week from: nausea / vomiting / decreased appetite / abdominal pain / high blood pressure
/ headaches, shakiness, and weakness / fever / diarrhea / constipation

Medication
Use of antibiotics within 2 months of starting the study or planned during the study
Use of anticoagulants

Lifestyle

Working in a professional healthcare facility (e.g. hospital, dental office, emergency room), military area (e.g.
submarine, near radar installation), or heavy industrial area (e.g. power plants, automotive, mining,
refineries) during the duration of the study

Excessive alcohol consumption (alcohol: >21 consumptions/week for men, and >14 consumptions/week for
women)

Use of soft drugs within | month of starting the study or during the study

Use of hard drugs

Other
Pregnant, actively trying to get pregnant, or recent childbirth in last 6 months
Planned MRI procedure during the study
Use of pacemaker, defibrillator, infusion pump, or other implanted electromedical devices
Unwilling to undergo an X-ray examination and/or ultrasound
Having an allergy or intolerance towards compounds in the prescribed foods
Following a vegetarian or vegan diet
Use of pro- or prebiotic supplements for 3 months before the start of the study
Participating in another biomedical study
Not having a GP
Being an employee of Wageningen University, Division of Human Nutrition and Health




Enrolled

28 Excluded 7:
- Medication use 2
- Availability 1
- BMI > 30 kg/m2 2
Eligible - Suitable veins 2
21

Randomly included
15
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Concluded study
13

Supplementary Fig. 4. Flowchart of participant enrolment, eligibility, and
concluding study.





