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Ingestible electronics can potentially be used to track and treat
gastrointestinal diseases in real time. In the past decade, substantial
improvements have been made to ingestible electronic pills at the sensor,
circuit and system levels, which has improved the clinical applicability

of the technology by increasing device sensitivity, lifetime and location
awareness. Here we explore the development of ingestible electronics and
provide a step-by-step guide for the design of ingestible capsules at the
system level. We consider the anatomical and physiological characteristics
of gastrointestinal organs, which set requirements and constraints on
ingestible electronics in terms of size, shape, topology and the materials
used for packaging. We then examine the key design components: sensors
and actuators, integrated circuits, communication, power, packaging,
localization and locomotion. We also consider the challenges that must be
addressed torealize the full application potential of ingestible electronics.

The first generation of ingestible electronic pills—which measured
gastric pH, pressure and temperature—was reported in the 1960s".
However, it was the introduction of the PillCam capsule endoscope in
2000 that launched recent progressin the development of smart pills>.
Modern capsules now incorporate different kinds of sensing, actuation,
energy storage and communication components inasmall form factor
to diagnose and treat various gastrointestinal (GI) disorders. The mini-
mally invasive nature of these devices allows physicians to monitor any
organ of the Gl tract, including the small intestine, which is not easily
accessible by conventional endoscopy. Ingestible electronic devices are
also ofincreasing interestin medical technology, with growth in both
investments and the number of companies involved in the area*’. The
main factors for this growth are patient preference for minimally inva-
sive procedures and the potential for healthcare providers toremotely
monitor patients®. The ingestible capsules market is expected to be
worth US$8.98 billionin2024, with capsule endoscopy, remote patient
monitoring and targeted drug delivery the key application areas’.
Aningestible pillis composed of various parts—including sensors,
actuators, integrated circuits and power modules—that are chosen
depending on the intended use**'°, There are numerous options for
each of these components, with each option having distinct advan-
tages and drawbacks, as well as varying sizes and power consump-
tions. This variety can make it challenging for both academic labs

and companies to begin to construct their own ingestible pills. In
this Review, we provide a step-by-step guide for designing ingestible
electronic capsules. We first provide an overview of the anatomy,
physiology and pathophysiology of the Gl tract. We then examine the
functional blocks of ingestibles, focusing on seven components of
the design process (Fig.1): sensors and actuators, integrated circuits,
communication, power, packaging, localization and locomotion.
Thefirst five of these are essential for any ingestible; localization and
locomotion areincreasingly popular functionalities but notarequire-
ment. We also highlight two electronic capsules—a camera-based
ingestible pill with an onboard artificial intelligence (Al) accelerator
and an optical-sensing ingestible pill with three-dimensional (3D)
magnetic localization—to explore the design process and provide a
more practical guide to the design of ingestible devices. Finally, we
exploretheissues that currently limit further progressin the field and
the wider application of the technology.

Gastrointestinal organs

The main function of the Gl tractis to digest and absorb nutrients and
excrete waste products of digestion. Moreover, the Gl tract has an
extensiveintrinsic nervoussystem, termed the enteric nervous system
(ENS), thatinteracts with the central nervous system (CNS), regulates
immune homoeostasis and maintains gut microbiota'"2, The Gl tract
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Fig.1| A step-by-step design process for ingestible electronics. The choice of
(1) sensors and actuators, (2) integrated circuits, (3) communication, (4) power
and (5) packaging drives the design process. The first five components are
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essential. (6) Localization and (7) locomotion are emerging functionalities that
canbe added to the design. The selection, pros and cons for the available choices
of these seven components are described in detail in the main text.

comprises four concentric layers: mucosa, submucosa, muscularis,
and serosa or adventitia. The mucosa, the innermost layer composed
of simple epithelium cells, plays arolein absorbing, transforming and
secreting nutrients, and protecting the body from resident bacterial
floraandingested pathogens by limiting their diffusion. The submucosa
is a thick layer of loose connective tissue surrounding the mucosa,
which contains blood vessels, lymphatics and nerves. The muscularis
is responsible for segmental contractions, which enable mechanical
digestionand peristaltic movements of the food along the Gl tract. The
serosa or adventitia is the outermost layer, whose primary function
isto lubricate the body’s internal structures or to hold the internal
structures together. The main organs comprising the Gl tract are the
oesophagus, stomach, smallintestine and large intestine. The function,
pH, transit times of food, pathologies and the types of sensing used in
these organs are summarized in Fig. 2.

Oesophagus

Oncethefoodisingested, the oesophagustransportsitto the stomach
through peristaltic contractions, usually occurring in a few seconds.
The commondisorders associated with this organ are gastroesopha-
gealreflux disease, achalasia, eosinophilic oesophagitis, oesophageal
cancer, oesophageal spasms and oesophageal strictures, the symp-
toms of which include tissue irritation, inflammation, swelling and
muscle spasms, resulting in a reduced diameter of the oesophagus.
These conditions can be assessed with traditional endoscopes and
imaging capsules.

Stomach

Inthe stomach, theingested food undergoes mechanical and chemical
disintegration. Mechanical contractions break down food particlesinto
smaller pieces, while the secretion of gastric fluid and enzymes turns
theminto chyme. The typical transit time of food in the stomach ranges
from 15 minutes to 4 hours, and may take longer if the patient suffers
fromgastroparesis, amedical condition associated withimpaired motil-
ity of the stomach®. The most prevalent stomach disorders include
pepticulcers, gastritis and stomach cancer, for many of which the cause
is Helicobacter pyloriinfection. Biomarkers such as pH, metabolites,
enzymes, gases, electrolytes, bacteriaand overall integrity of mucosa
layer are essential parameters of a healthy stomach that canbe assessed
through traditional and capsule endoscopy, tissue biopsy and gastric
fluid sampling?.

Smallintestine

The digestion and majority of nutrient absorption occur in the small
intestine, composed of the duodenum, jejunum and ileum. The duo-
denum is the shortest section of the small intestine, where the acidic
chyme produced in the stomach is exposed to pancreatic digestive
enzymes and bile acids secreted by the gallbladder. Bicarbonate secre-
tions from Brunner’s glands and the pancreas neutralize the highly
acidic gastric juice, thus protecting the intestinal wall from degrada-
tion. Here, digestion enzymes break down proteins, carbohydrates,
triglycerides and nucleic acids to smaller sizes™. Further along the small
intestine is the jejunum, with a mucosa layer containing two levels of
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Gl organ Oesophagus

Function Transport of food to the stomach
through peristaltic contractions

pH 5-7

Transittime 4-8s

Pathologies Achalasia, Barrett's oesophagus,
eosinophilic oesophagitis,
oesophageal cancer,
oesophageal diverticulum,
gastroesophageal reflux disease

Sensing - Biomarkers: pH, pressure,

used sensing on oesophagus wall

- Diagnosis methods: capsule
endoscopy, oesophagram,
endoscopic ultrasound,
oesophageal manometry,
gastroscopy, pH probe,

Stomach

Mechanical, acidic and
enzymatic digestion of food

Gastritis, gastric cancer,
gastroenteritis, gastroparesis,
non-ulcer dyspepsia, ulcers

- Biomarkers: pH, pressure, gases,
metabolites, electrolytes and
enzymes, sensing on gastric wall

- Diagnosis methods: capsule
endoscopy, endoscopic ultrasound,
gastric manometry, gastroscopy,

H. pylori breath test, tissue biopsy,

Smallintestine

Food digestion and majority
of nutrient absorption

4.5-75
4-6h

Coeliac disease, Crohn's disease,
intestinal cancer, intestinal
obstruction, irritable bowel
syndrome, lactose intolerance,
ulcers

- Biomarkers: pH, pressure,gases,
bacteria, metabolites, electrolytes,
sensing on intestinal wall

- Diagnosis methods: breath test,
capsule endoscopy, endoscopic
ultrasound, small bowel
manometry, gastroscopy,

Large intestine

Absorption of water and
electrolytes, forming and
transportation of faeces,
microbiota maintenance

75-8
10-60 h

Colonic polyps, colorectal cancer,
diverticulitis, inflammatory bowel
disease, irritable bowel syndrome,
ulcerative colitis

- Biomarkers: pH, pressure, gases,
microbiome, metabolites, sensing
on intestinal wall

- Diagnosis methods: anorectal
manometry, barium enema,
capsule endoscopy, colonoscopy,
colonoscopic ultrasound, stool

tissue biopsy, MRI, CT, X-ray MR, CT, X-ray

colonoscopy, lactose tolerance and faecal tests, MRI, CT, X-ray

test, tissue biopsy, MRI, CT, X-ray

Fig.2| The anatomy and physiology of Gl organs. The function, pH, food transit times, pathologies and the types of sensing used in the oesophagus, stomach, and

small and large intestines.

finger-like projections called villi and microvilli, which increase the
surface area of tissue available to absorb nutrients. Most products of
digestion, including amino acids, carbohydrates and fatty acids, are
absorbed into the bloodstream here. The final segment of the small
intestine is the ileum. It also contains villiand microvilli similar to the
jejunum, and it mainly absorbs bile acids, vitamin B12 and other remain-
ing nutrients, including small sugar units, glycerol and fatty acids®".
Traditional endoscopy, colonoscopy and more convenient capsule
endoscopy are used to diagnose these disorders. Another abnormal-
ity that mainly affects the small intestine is obstruction, whichis a
mechanical blockage of the bowel that hernias or intra-abdominal
adhesions may cause. A complete bowel obstructionis anemergency
that needsimmediate surgery, which accounts for 20% of emergency
surgical procedures'. For maintaining good health in the small intes-
tine, itis essential to have balanced electrolyte levels, gases, metabolites
and bacteria.

Largeintestine

Thelargeintestine is made up of the caecum, appendix, colon, rectum
and anal canal. The colon absorbs water and other remaining absorb-
able nutrients from the processed food and then excretes the indi-
gestible matter to the rectum in solid faeces. The colonic bacterial
community is diverse (>1,000 species) and accounts for -1.5 kg of the
colon weight®". It is established that changing the diet alters the gut
microbiota composition'. Furthermore, the gut microbiome inter-
actswiththe ENSand CNS (gut-brain axis), andits alteration hasbeen
observed in different neurodevelopmental and neurodegenerative
disorders*. Colonoscopy is the gold standard in assessing the quality
of the colon mucosain search of inflammation and wounds that may

further reveal different disorders such as colorectal cancer, colonic
polyps and ulcerative colitis. Also, analysing stool samples may reveal
abnormalities such as poor nutrient absorption and infections from
parasites, viruses and bacteria®.

Sensors and actuators

Sensing

A variety of biomarkers present in the Gl tract, such as bacteria®,
metabolites”, physiological gases*, proteins® and neurotransmit-
ters®, can be sensed and leveraged to assess a patient’s health in real
time. The connection of some of these biomarkers with different GI,
neurodegenerative and neurodevelopmental diseases has been dem-
onstrated by analysing patients’ stool samples or biopsy specimens
collected from patients’ rectum through colonoscopy” . Ingestible
pills with embedded optical, electrochemical, electrical, biological
and mechanical sensors can be utilized for diagnostics of different
diseases and abnormalities in a more convenient and time-efficient
way, as described in the following paragraphs (Fig. 3).

Imaging. Capsule endoscopes rely on visible wavelengths of light to
performopticalimaging of the mucosal surface and detect Gl patholo-
gies using high-resolution cameras and light-emitting diodes (LEDs).
Numerous capsule endoscopes are distributed by companies such as
Medtronic, Intro-Medic, Jinshan, CapsoVision, RF System Lab, Olympus
Medical, Sonopill Programme, AnX Robotica and Check-Cap, and have
been extensively reviewed in past literature*®. It must be noted that sub-
stantial progress has been made in the analysis of capsule endoscopy
images by various Al algorithms. In particular, deep learning has been
widely utilized for classifying different Gl disorders including bleeding,
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Fig.3|Ingestible pills with sensing and actuation capabilities. a, Al-
empowered wireless video endoscopic capsule®. b, Ingestible pill with haem-
sensitive probiotic biosensor for diagnosis of Gl bleeding®. ¢, Galvanically
self-powered capsule for glucose detection®*. d, Osmotic pill for in vivo sampling
of gut microbiome”. e, Self-orienting millimetre-scale applicator capsule for
drug delivery and electrical stimulation of the Gl wall. f, Ingestible pill with an

Electrochemical Microbiota

1 2

Electrical

Mechanical

intragastric balloon for obesity treatment'”. g, Ingestible capsule for electrical

stimulation of the Gl wall"**. Panels adapted with permission from: a, ref. 30,
under a Creative Commons licence CC BY 4.0; b, ref. 64, AAAS; ¢, ref. 54, under
aCreative Commons licence CC BY 4.0; d, ref. 79, under a Creative Commons
licence CCBY 4.0; e, ref. 119, under a Creative Commons licence CC BY 4.0; f,
ref. 113, IOP Publishing; g, ref. 194, I0P Publishing.

ulcers, oesophagitis, polyps, hookworm, and coeliac and Crohn’s dis-
eases with mostly >90% accuracy” . Although most of these research
outcomes examined the pictures sent from the pill externally, itis also
possible to have onboard deep neural network capabilities***.. This
allows the pill to classify theimages locally and then transmit only the
finalresults to the external reader. Thisapproach reduces the amount
of datasentfromthe pill, thus, relaxing the data-rate requirements of an
onboard transmitter, but possibly at the cost of extra power consump-
tion of an onboard microcontroller unit (MCU).

Capsule endoscopy shows only the mucosal surface, which does
not reveal abnormalities within the Gl wall. Submucosal ultrasound
imaging with a tethered ingestible device can provide a transmural
or cross-sectional image of the Gl tract, achieving a 10 mm imaging
depth and a resolution as high as 40 um (ref. 32). X-ray-based ingest-
ible electronic devices can also be used to evaluate the Gl tract. Once
the capsule reaches the colon, it generates alow dose of X-ray beams,
which interact with the ingested contrast agents, tissue walls and the
contents of the colon. The reflected X-ray fluorescence photons are
thendetected by the capsule toidentify precancerous polyps*>*. The
tethered ingestible capsule with confocal microscopy capability has
been utilized to diagnose and monitor eosinophilic oesophagitis—an
allergic condition that is characterized by eosinophils infiltrating the
oesophageal wall**. The endomicroscope canalso be implemented as
atethered ingestible capsule to capture cross-sectional microscopic
images of the Gl wall and generate 3D, microstructural images of the
upper Gl tract™.

In general, imaging techniques consume a substantial amount
of power, which is why most of the methods mentioned above are
tethered. To eliminate the need for wires and make the pill completely
wireless, itit necessary to use batteries with high capacity or optimize
the power consumption of these techniques.

Optical sensing. In cases when imaging is not necessary, ingestible
capsules equipped with optical sensors can be utilized to record a
target biomarker. Typically, ingestible pills use an LED to emit light
and then measure the light absorption using a photodiode”. To detect
internal bleeding, the commercially available HemoPill uses this
phenomenon to measure the optical absorption at 415 nmbetween an

LED and a photodetector’®. Another example of spectrometric sens-
ingis the capsule withlaser diodes and photodiodes that can detect
infrared fluorescence emitted by indocyanine green fluorophore dye,
whichis one of the infrared fluorescent-labelling contrast agents used
for efficient early-stage cancer detection®. The fluorescence-based
sensing systems can also detect microbiome nucleic acids in the GI
fluid, whichis suitable for detecting the gut microbiome distribution
in vivo*’. In a similar study, an ingestible pill was demonstrated that
collects Gl fluids into aninternal sponge and then uses an integrated
fluorescence-based assay to measure the sponge’s changing opti-
cal properties caused by viable bacteria*. Overall, optical systems
can be very compact due to a variety of small microLEDs and pho-
todiodes available on the market. In terms of power consumption,
optical systems are power hungry—the LED itself typically requires
tens of milliamperes while the analogue front end that interfaces
with the photodiode can consume microampere-level current*
(Supplementary Table1).

Electrochemical sensing. Various voltammetric techniques, such
as cyclic, square-wave and differential pulse, can be implemented on
theingestible device with traditional three-electrode electrochemical
sensors. One example is pH sensing, which is related to Gl diseases
such as gastric ulcers, functional dyspepsia, Crohn’s disease and
ulcerative colitis***. Ingestible capsules have been used to measure GI
pHindifferent studies for decades®. Yet, there are still many attempts
to simplify the production, reduce the cost and minimize the size of
pH-sensing electrodes***. The Bravo and SmartPill capsules distrib-
uted by Medtronic are commercially available products that measure
pHin the Gl tract. The SmartPill has been successfully utilized to
measure gastric emptying time by indicating the passage from one
organ to another with pH measurements, which has the potential to
replace gamma camerascintigraphy—the current standard of care for
diagnosing gastroparesis*®. Ingestible platforms with traditional and
aptamer-conjugated electrochemical sensors can also characterize
the gut fluids to diagnose Gl diseases such as Crohn’s and ulcerative
colitis***°. It is also possible to measure neurotransmitters in the Gl
tract, which play abig role in multiple Gl disorders and the gut-brain
axis bidirectional network®'. Recently, several studies have presented

Nature Electronics


http://www.nature.com/natureelectronics
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Review article

https://doi.org/10.1038/s41928-024-01122-2

completely food-based edible electrochemical sensors consisting
of corn, olive oil, mushroom, horseradish and activated charcoal,
which were characterized in voltammetric detection of catechol,
uric acid, ascorbic acid, dopamine, acetaminophen and glucose in
artificial saliva, gastric fluid and intestinal fluid®**. It has also been
demonstrated that an ingestible pill powered with a glucose biofuel
cell can also be used to measure changing glucose concentrations
from the extracted power itself. What makes this study unique is its
elimination of the need for extra sensors to measure glucose levels.
Instead, the glucose collected for self-powering directly modulates
the carrier signal frequency of a radiofrequency (RF) transmitter,
which can then be correlated with glucose concentration from the
RF receiver side**.

When designing electrochemical sensors for ingestible devices,
itis extremely important to take into account the highly acidic envi-
ronment in the stomach. Sensors must have enhanced ability against
low-pH environments or be protected with atemporal polymer coating
that dissolveslaterintheintestine. Toaddress non-adherenceto drug
treatment plans, a couple of ingestible devices that can be attached to
medication pills to monitor adherence were proposed and commer-
cialized—the Proteus Digital® pill (2012) and the EtectRx** pill (2019).
Both pills operate in a similar way: once the medication tagged with
the smart pill reaches the stomach, gastric juice dissolves the pill’s
external coating and powersinternal electronics by forming a galvanic
coupling with two electrodes, and transmits a signal to the external
reader, indicating successful drug administration®’.

Apart from durability in the highly acidicenvironment of the stom-
ach, other challenges associated with electrochemical sensorsinclude
selectivity and drift over time. During the sensor’sinitial design and vali-
dation onthelaboratorybench, itisimportant to ensure that the sensor
isimmune to interference due to several other substances present in
the Gltract.Inaddition, the measurements from amperometric sensors
tend to drift over time even if they were appropriately calibrated ini-
tially, which can be partially counteracted by either discontinuing sen-
sor usage before the drift is expected to surpass aspecific threshold or
employing differential measurements to cancel background current™,
Whenit comes to the analogue front end (for example, potentiostat),
there are several off-the-shelfand custom solutions with small areaand
low power consumption (Supplementary Table1). The availability, cost
and development time should be considered when choosing the right
sensor and analogue front-end electronics.

Electrical sensing. As a non-invasive and accurate alternative to the
body core temperature measurements obtained from the pulmonary
artery, oesophagus, tympanic membrane, nasopharynxand rectum,
it has been shown that ingestible capsules can continuously monitor
theinternal body temperature of healthcare workers wearing personal
protective equipment®’, individuals during active heating and cool-
ing®, firefighters during the work shift®, and individuals during sleep
and exercise®*, Ingestible temperature sensors can assist people
to stay within safe levels of core temperature, and detect hypother-
mia and hyperthermia right away. Ingestible capsules for measuring
body core temperature are commercially available and distributed
by Medtronic, Philips and HQ. A human pilot trial of an ingestible
electronic capsule revealed that it can successfully sense oxygen,
hydrogen and carbon dioxide in the Gl tract®. The capsule employed
semiconducting metal-oxide-based and thermal conductivity sen-
sors to measure the gas concentrations in the Gl tract. Eventually, a
research group founded Atmo Biosciences to commercialize their
gas-sensing capsules, which can potentially reveal functional aspects
of the intestine’s response to dietary changes and medical supple-
ments, and can also replace breath tests—the most common method
used to measure and assess gases in the gut. As of today, there are no
commercially available gas sensors that can be directly integrated
into the capsule form factor.

Biological sensing. It has been demonstrated that genetically modi-
fied, bacteria-based sensors canbe integrated with ingestible electron-
ics.Inonestudy, aresearchgroup altered the genome of Escherichia coli
to produce luminescence in the presence of haem®*., Asimilar approach
hasbeentakeninanother work to genetically encode E. colito respond
to nitric oxide and hydrogen sulfide—key signals and mediators of
inflammatory bowel disease®. Both sensors have beenintegrated with
a photodetector and custom readout chip, and the capsule efficacy
has been successfully tested in pig intestine. A big advantage of this
method is thatit does notrequire an LED, which substantially reduces
the power requirements. However, amajor concern with these sensors
is their ability to survive the challenging conditions of the Gl tract,
including the stomach’s highly acidic environment. Bacteria-based
sensors, in particular, may be sensitive to these conditions and at risk
of being washed out by Gl fluids.

It is also possible to detect gut bacteria activity with sensors
composed of edible materials such as guar gum, a dietary fibre that
is decomposed by bifidobacteria. After integrating the sensor with
an antenna made fromrice paper and gold, it was confirmed that the
proposed guar gum film was substantially degraded by bifidobacteria
in benchtop experiments®. The primary challenge associated with
these sensors is the ability to accurately quantify the concentration
of aspecific type of bacteria relative to the amount of edible material
that has been decomposed.

Mechanical sensing. Ingestible capsules are capable of recording the
pressureinthe Gltract, an elevated value of which may lead to the devel-
opment of pressure-induced organ dysfunction and failure**“". In vivo
measurementresultsin pigs were comparable toinvasive gold-standard
recordings viatelemetry pressure probes®®. Pressure-sensing ingestible
pills were utilized to measure the internal pressure due to underwater
or in-air blast exposure encountered by military divers, which can
be helpful in unravelling the mechanisms of blast injury and the way
blast energy interacts with all areas of the human body®’. SmartPill
is the only commercially available, US Food and Drug Administra-
tion (FDA)-approved intraluminal pressure-sensing pill, which is also
capable of measuring pH and temperature in the Gl tract. It utilizes a
solid-state microelectromechanical-system pressure sensor to meas-
ure pressure changes as it travels through the Gl tract”. To directly
measure the motility and activity of Gl muscles, an ingestible device
with flexible piezoelectric components can be used to sense mechani-
cal deformations within the gastric cavity, which has been successfully
tested in both in vitro- and ex vivo-simulated gastric models”. Piezo-
electric pressure sensors generate an electrical charge when subjected
to mechanical stress or pressure. They are typically easier to fabricate,
more robust and self-powered. Microelectromechanical-system pres-
sure sensors, in contrast, rely on the piezoresistive principle—their
resistance changes in response to mechanical stress. They typically
achieve higher resolution and resultin more compact dimensions, but
require external power””.

Tissue biopsy and microbiota sampling. Gl tissue and microbiota
fluid biopsy are essential for diagnosing diseases of the Gl tract. The
gold standard for acquiring tissue samples from the upper and lower
Gltractare endoscopy and colonoscopy, respectively. Although these
methods allow thereliable collection of tissue samples, they are usually
associated with major discomfort and sometimes requires sedation. To
avoid these negative aspects, several ingestible capsules with external
magnetic actuation and self-sustained robotic mechanisms have been
proposed to collect samples at a target Gl location. Some capsules
with internal permanent magnets or external magnetic shells can be
controlled with an external permanent magnet or electromagnet to
navigate them to the target location. The device then performs tis-
sue biopsy by using microneedles”, untethered microgrippers” or
rotating-blade mechanisms’. Similarly, magnetically actuated pills can
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be usedto collect Gl liquid by using brushes”, ahydrogel’®, an osmotic
sampler’ and aself-polymerizing reaction mixture®’. Recently, adevice
that collects liquid samples from multiple regions of the gut was suc-
cessfully evaluated by collecting 240 intestinal samples from15 healthy
individuals®. Bacterial populations recovered fromingestible devices
closely resembled the bacterial population demographics collected
from stool samples. The advantage of the external magnetic actuation
method s that zero power is consumed by the pill; however, it requires
abulky and complex external system to control the device. Toachieve
self-sustained locomotion, a capsule equipped withaninternal camera,
after naturally reaching the target location in the Gl tract, canalignand
attach itself to the Gl wall by using shape-memory alloy springs, and
perform the biopsy by using internal razors®. Although this method
does not require external bulky components, it needs a lot of power
for acamera and other electronic components.

One disadvantage of collecting tissue and Gl liquid samples using
ingestible pillsis the necessity toretrieve them from the toilet and send
them backto thelab for further analysis. This adds an extra hurdle for
the patientsto adopt this approach. Having an on-pill analysis platform
wouldsolve thisissue, butitisstill far from beingimplemented because
the tools required for analysis may vary and it might be difficult to
effectively miniaturize them into pill form factor. Another concern
about utilizing ingestible devices for collecting Gl samples is the risk
of contamination. It must be ensured that the samples collected at
specific sites remain uncontaminated due to accidental penetration
of other fluids and tissues from different parts of the Gl tract, which
can be accomplished by ensuring the integrity of the encapsulation®'.
Inaddition, there are numerous unanswered questions on the efficacy
of such pills in clinical conditions as well as risks of bleeding and per-
forationsin the Gl tract.

Actuation

Along with sensing and diagnosing abnormalities, ingestible pills can
also perform therapeutic actions suchas drug delivery, cancer therapy,
chronic constipation, obesity and Gl dysmotility treatment (Fig. 3).

Chemical actuation. Orally administered medications can be suscep-
tible to enzymatic degradation, adverse pH conditions, microbiota,
mucus barriers and difficulty in crossing the epithelial barriers®. To
address these limitations, injecting the drug directly into the GI wall
is preferred, whichisaroutine part of some treatments for conditions
suchasbleedingulcersand polypectomy®*®. It has been demonstrated
that Glinjection shows a quicker pharmacokinetic response compared
with subcutaneous injection® and active pharmaceutical ingredient
plasmalevels delivered by the drug delivery pill are comparable to those
achieved with subcutaneous administration® %, Several drug-carrying
ingestible devices have been presented that utilize internal springs®°,
gas”, magnets®, an osmotic pump® and a stepper motor’** to expel
the drug-containing needle into the Gl wall or diffuse the druginto the
Gl environment®. Among these methods, pills that use springs and
magnetstorelease the drugare easiest toimplement because they do
not require active electronic components, they consume no power
and they occupy the least volume. However, using a miniature step-
per motor has its advantages, such as precise control of drug release
amount and time, but these motors are usually quite power hungry
and still are not optimal in terms of size.

One of the main challenges associated with microneedle-based
drugdelivery capsulesis properly orienting the pill with needles facing
the Gl wall. Pills equipped with magnets can be externally controlled
and oriented with the help of external permanent magnets or electro-
magnets. However, integrating the magnet is not always a solution
because the pill can contain other electronic parts that canbe affected
by the magnet (for example, RF transceiver and antenna). To solve this
problem, apill witha mono-monostatic body that automatically orients
itself towards the mucus can be used. One such shape is similar to a

weeble-wobble toy, the leopard tortoise with a shifted centre of mass
and a high-curvature upper shell that enables self-orientation to the
preferred upright position®”ss,

When it comes to safety, although microneedles are a relatively
safe way of penetrating the Gl wall, it is still important to note that
some microneedles may induce temporary and minimalinflammation
around theinjectionsite”. Moreover, the force at which the micronee-
dleisinsertedinto thetissue must be carefully optimized toreducethe
risk of tissue perforation®’. Several diffusion and microneedle-based
ingestible capsules are currently undergoing clinical and pre-clinical
animal trials®®’.

Ultrasonic actuation. Low-frequency ultrasound applied to the GI
wall can be beneficial for increasing the uptake of drugs and poten-
tially accelerating the treatment of Gl diseases'**'”", Also, ultrasonic
therapy canbe utilized in Gl cancer treatment, which accounts for 26%
of the global cancer incidence and 35% of all cancer-related deaths'*%
Besides chemotherapy and surgery, high-intensity focused ultrasound
therapy applied to colorectal cancer tumour cells may have both ther-
mal and non-thermal effects and result in ablation or mechanical dis-
ruption of target tissues, as well as enhancing the anticancer immune
responses'®' It has already been demonstrated that miniature ultra-
sonic transducers can be integrated into capsule form, and in vivo
experimentsin pigs have shown that fluorescent markers can penetrate
the mucus layer of the small intestine at low acoustic powers'®. The
next application could be a Gl cancer treatment with ultrasound. The
main question marks, for now, are whether these compact ultrasonic
transducers can generate sufficient power and, if yes, what should
be the battery capacity to accommodate this functionality. The main
safety concernwith ultrasonic therapyistoensure thatit does not heat
and burnthe Gl wall tissue.

Mechanical actuation. Ingestible pills can be used to treat chronic
constipation by inducing vibration to stimulate peristalsisin the large
intestine. Two ingestible capsules with such functionality have been
proposed: the VIBRANT capsule from Vibrant Ltd'°"'°® and the VibraBot
capsule from AnX Robotica'®”. While some studies have confirmed
the efficacy of these pills'®”%, others have indicated no substantial
difference in spontaneous bowel movements between ‘pill’and sham
groups'®*'%®, Ingestible capsules can also be used to perform versatile
clinical procedures such as patching a wound in the stomach'®. An
origami-based ingestible microrobot can locomote to a desired loca-
tionin a phantom oesophagus and stomach using external magnetic
manipulation, patch a wound, remove foreign objects, deliver drugs
and biodegrade.

In recent years, intragastric balloons (saline-filled silicone bal-
loons) have gained popularity in minimally invasive obesity treatment.
They are designed to reduce the stomach volume and food consump-
tion by occupying space in the stomach and inducing satiety™. As
of today, a catheter or endoscope is used to place it in the stomach,
introduceliquidinto the balloon and remove it afterwards. To achieve
endoscope assistance-free operation in inflating and deflating, and
inserting and removing the balloon, several ingestible pills have been
proposed to perform this task>", Once the pill containing the deflated
balloonhasbeeningested and reached the stomach, the valve present
inthe pillis opened with an external permanent magnet, allowing for
an acid-base reaction to release carbon dioxide for inflation of the
balloon.Intheend, whentheballoonis degraded, it deflatesitselfand
naturally leaves the body through self-excretion™>"*1¢,

Electrical actuation. Multiple studies have demonstrated that electri-
cal stimulation of the Gl wall can modulate Gl motility and, therefore,
may be a promising alternative or addition to pharmacological treat-
ments of Gl dysmotility disorders'”"®. It has been shown that electrical
stimulation of the Gl wall can be performed with an ingestible device
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that attaches itself to the Gl wall by inserting electrically conductive,
hooked probes and stimulates the tissue viatimed electrical pulses to
induce acute muscular contractions'. Moreover, electrical stimulation
of'the Gl wall offers another way of treating obesity. A stimulator with
electrodes connected to the stomach canapply atrain of short pulses
that have almost no effect on gastric motility but alter hormonal signals
inthe hypothalamus, reduce appetite, and produce an early sensation
of fullness and satiety’?’. A miniature, self-powered device for vagus
nerve stimulation has been tested in rats, and it was shown that, by
the end of 100 days, the average body weight of rats with implanted

stimulators was 38% less than that of the rats in the control group'.

Integrated circuits

After choosing the sensors and actuators, the next step is to include
the associated circuits to read out the sensor data or drive the actua-
tor. Typically, most of the sensing elements for ingestible devices are
custom-designed due to constraints associated with size and shape. As
these arejust sensing elements, analogue/mixed-signal processing elec-
tronics must beincluded inthe design to amplify, filter and pre-process
the sensor data. This readout circuitry, also known as analogue front
end (AFE), mainly consists of an amplifier and analogue-to-digital con-
verter (ADC). There are a variety of AFE circuits available off-the-shelf
thatcanbedirectly used foringestible devices. However, they are usu-
ally not optimized for power consumption and size. An alternative
approachistoindividually find an amplifier and an ADC with minimal
power and size specifications, and then combine them at the system
level. However, this method could potentially lead to a larger overall
footprint compared with using an AFE thatis integrated within asingle
chip or package. However, custom AFEs can be designed, but at the
cost of time (several months to design and fabricate the chip), money
(US$1,000 mm™in Taiwan Semiconductor Manufacturing Company
180 nm complementary metal-oxide-semiconductor for a small
quantity production, which might be substantially cheaper if mass
produced) and effort'?2. Supplementary Table 1 provides acomparative
view of commercial and custom AFEs for ingestibles.

As an example from Supplementary Table 1, we can compare two
electrochemical AFEs: commercial NJU9101 and custom'?>. The first
two parameters that may capture the reader’s attention are power
consumptionand supply voltage—the custom chip consumes 100 times
less power and requires a 2 times smaller supply voltage. Even though
both AFEs have 16-bit ADCs, the drastic difference in sampling rate is
the main reason for reduced power consumption in the custom chip.
Such a high sampling rate used in NJU9101 might not even be needed
for a target ingestible device, therefore, burning more unnecessary
power and requiring a battery with a bigger capacity. When it comes
to chip size, the custom AFE occupies 44 times less area—another
advantage of custom design. The size of NJU9101 (4 mm x 4 mm) might
seemto besmall, whichistrue, butit plays abigrole whenintegrating
multiple electronic partsin asingleingestible platform. Givenall these
parameters, choosing the right approach (off-the-shelf or custom) is
important when choosing an AFE for the target device.

Communications

The wireless transceiver (TRX) is the next essential block in an ingest-
ible pill. It allows the user to send different commands to the pill and
receive the datarecorded by the capsule without manually retrieving
itatthe end of the measurements. Typically, the TRX is the most area-
and power-hungry unitin theingestible platform. RF communication
is the dominant technology used for wireless communication with
ingestible devices. The TRX generally consists of an antenna, amatching
network, and transmitter (TX) and receiver (RX) circuits (Fig. 4a). The
matching network, consisting of capacitors and inductors, matches
theimpedance betweenanantennaand TRX circuitry. It canbe imple-
mented either onaprinted circuitboard or directlyona TRX chip. The
TX’s power amplifier is used to drive an antenna and typically has a

programmable output power. The low-noise amplifier in the RX picks
up the signal from the antenna and amplifies it for further processing.
Crystal oscillators are often used as a reference to generate a precise
carrier signal. The power amplifier and the low-noise amplifier usually
consume most of the TRX power. The modulator and demodulator
circuits vary depending on the communication protocol.

Selecting the appropriate communication frequency is critical
for ingestible devices. Numerous frequency bands have been allo-
cated by the Federal Communications Commission for this purpose:
Medical Device Radio Communications Service (MedRadio) (401-406,
413-419, 426-432, 438-444 and 451-457 MHz), Industrial, Scientific,
and Medical bands (13.553-13.567,433.05-434.79,902-928 and 2,400-
2,500-MHz) and Medical Body Area Networks (2,360-2,400 MHz)"**,
Factors such as tissue attenuation and antenna dimensions affect the
frequency selection process. Ideally, the dimensions of the antenna
mustbe atleast one-fourth or greater than the wavelength for efficient
communication. Body tissues propagate RF signals more efficiently
at lower frequencies. For instance, in an implant that transmits the
data with a carrier signal frequency of 400 MHz and 2.4 GHz from
the small or large intestine, the in-body path loss is -3 dB cm™ and
~-8 dB cm™, respectively'>'*, It makes the 13.553-13.567 MHz frequency
range anattractive option, butit does not support ahigh datatransfer
rate and, as a result of a longer wavelength, requires large antennas
for adequate communication. In contrast, higher-frequency bands
(902-928 and 2,300-2,500 MHz) have the advantage of supporting
ahigh datarate and require smaller antennas but result in high signal
attenuation, which reduces the maximum communication distance
and necessitates more power to be radiated to compensate for that
path loss. In recent years, MedRadio and 433 MHz Industrial, Scien-
tific,and Medical frequency bands have been most widely utilized for
ingestible capsules, including the commercialized Atmo Biosciences
gas pill, and Medtronic’s PillCam and SmartPill capsules, as this fre-
quency range offersacompromise between the tissue attenuation, data
rate and antenna dimensions®. Several miniature antenna topologies
(Fig.4b), such as helix'”, conformal'**"?’, patch*"* and loop™*'*, have
been proposed to efficiently utilize the total volume available in the
capsule to maximize the radiation efficiency and achieve omnidirec-
tional radiation for orientation-insensitive communication.

The TX and RX modules canbe purchased directly off-the-shelf or
custom-designed (Supplementary Table 2). Using commercially availa-
ble chips withcommunication protocols such as Bluetooth low energy,
Zigbee, long range radio and medicalimplant communication system
allows compatibility with existing devices. Still, they are typically not
optimized for atargetapplicationin terms of power consumption and
area.Several customintegrated circuit topologies have been proposed
in the literature that target minimizing the power consumption and
areaand maximizing the data rate and communication distance'>,
Itisalso essential to ensure the precise frequency tuning and stability
over different process, voltage and temperature variations. One way of
achieving this is by incorporating the crystal oscillator, which comes
at the cost of extra area. A recently proposed crystal-less wireless
transceiver for volume-constrained insertable pills tackles all these
challenges by consuming only several milliwatts of power, achieving
a200 kb s datarate at 5 m communication distance™”.

An alternative way to communicate with the external reader is
to rely on body channel communication, which utilizes the human
body as a communication medium. Pills employing body channel
communication offer many benefits including lower channel attenu-
ation, higher data rates, lower power consumption and smaller form
factorasitrequiresanelectrodeinstead of an antennafor communica-
tion**81%_ Owing to the low propagation of sound waves in soft tissues
(-1dB cm™ MHz™), the ultrasonic modality has also been utilized for
communicating withingestible deviceswithup toal00 kb s datarate
at8.5 cmdepth while consumingless than200 pW (refs.140-142). The
minor disadvantage of these methods is that the external electrode or
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Fig. 4| Circuit-level block diagram of ingestibles. a, Block diagram of
conventional sensor and transceiver circuits. LNA, low-noise amplifier; PA, power
amplifier; LO, local oscillator; PLL, phase-locked loop; TIA, transimpedance
amplifier; OpAmp, operational amplifier. b, Components used for sensing and
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communication. The sensing and actuating elements are interfaced with an AFE,
and a custom/commercial circuit solution is used along with an MCU for the
control and communication tasks of the ingestible.

ultrasonic transducer must be in contact with the skin, necessitating
the patient to wear a patch with all the electronics constantly. Due to
the transparency of the human body to magnetic fields, a static mag-
netic field generated by an electromagnet can be utilized to interact
with ingestible devices'. In this modality, the communication range
isnotlimited by the device’s locationinside the body but rather by the
sensitivity of the magnetic sensor and the magnitude of the applied
magnetic field. Similarly, this method requires a patient to wear a
compact patch with a planar electromagnet.

As an example from Supplementary Table 2, we can compare
the commercial 400 MHz ZL70102 and custom 915 MHz TRX'*. The
power consumption of the custom TRX is approximately 75 times
less than that of the ZL70102, largely because it radiates a signal
with 24 dB lower strength (around 250 times lower in linear scale).
This raises the question of whether radiating a power of -3 dBm is
necessary. If we consider aningestible device tobe 10 cm deepin the
body, the path loss fora400 MHz carrier signal would be 30 dB, while
for 915 MHz it would be 60 dB. This means that the ZL70102 would
deliver a signal strength of -33 dBm, while the custom TRX would
deliver -87 dBmto the base station that resides outside the body. As
externalreceivers cantypically detect signals aslow as—100 dBm, the
signal delivered by the custom TRX is sufficient for detection, and
there is no need to waste more power to radiate signals with higher
strength. Another factor to consider is the area, as the custom TRX
occupies five times less area and requires only an external antenna
to be connected to the circuitry, while the ZL70102 needs a match-
ing network and crystal, which further increases the overall size of
the TRX. The datarate required for a particular application depends
heavily onthe nature of that application. For example, capsule endos-
copy typically requires adatarate above 1 Mb s, while pills equipped
with electrochemical or optical sensors may only require adatarate
inthe tens of kilobits per second.

Power

The power sourceis one of the most crucial elements determining the
operation life of the ingestible device. When choosing a power source
for ingestibles, the primary considerations are (1) volumetric capac-
ity (uAh mm™), (2) size and (3) safety. Figure 5 and Supplementary
Table 3 show various power sources, namely, batteries (silver oxide,
lithiumion, flexible, solid state, and transient), wireless power transfer
(acoustic and RF) and electrochemical galvanic cells, are compared.
Usually, onboard batteries are utilized because most capsules require
reliable, stable electrical power. However, batteries occupy a large
volume and determine the device’s size, which increases the risk of
its retention in the Gl tract. Standard lithium-ion batteries have high
electrical capacity but are susceptible to thermal runaway, explosion
and toxic electrolyte leakage'*. Silver-oxide batteries, which are not

proneto thermal runaway but still contain toxic metals and caustic elec-
trolytes, are preferred as an onboard power source and the only type of
battery approved for clinical use to power capsules endoscopes'*>*,
Solid-state batteries are also attractive due to their reduced risk of
thermal runaway, flammability and leakages'”’. Transient batteries
made from biodegradable materials may eliminate the risks associated
with toxicity and minimize Gl obstruction through partial or complete
decomposition. However, they have much lower capacity than tradi-
tional batteries, typically thousands of times smaller™**°, Similarly,
flexible batteries made from biocompatible materials provide another
option to minimize the capsule’s volume™ %, Ingestible devices can
also benefit from new technologies such as fully 3D-printed batteries
made from disposable papers™* and gel-based micro-batteries consist-
ing of organic and organometallic molecules™*. Most of the regular
coin cells, and some solid-state and flexible batteries, can be easily
purchased off-the-shelf. However, transient and most solid-state and
flexible batteries remain part of ongoing research studies.

Energy harvestingin the Gltractis another way of powering ingest-
ible devices. Forinstance, flexible piezoelectric materials can be used to
sense Gl motility and power onboard electronics”. Triboelectric energy
harvesting is another method demonstrated in ingestible devices™"'*,
Galvanic cells have also been used to power ingestible capsules using
gastric acid as an electrolyte™®, including clinically approved Proteus
Digital (Mg-CuCl couple)* and EtectRx (MgCIl-AgCl couple)*® medica-
tionadherence capsules. Also, nutrients such as glucose** and micro-
organisms in the gut™”** can be exploited for submilliwatt-level power
generation. The transducers for these energy-harvesting methods are
typically custom-designed and optimized for the target pill specifica-
tions. The disadvantage of these energy-harvesting techniquesis their
unreliability as they may not be able to generate power continuously
for long measurements due to a lack of glucose, gastric juice or Gl
muscle contractions.

Remote powering of ingestible devicesis also possible using acous-
tic*0 215 and RF**'° power transfer. Due to the low propagation loss
of sound waves, the first method can deliver several milliwatts of power
with the implant placed under 6 cm of animal tissue. Regarding RF
power transfer, in vivo experiments in pigs have shown the feasibility
of this method delivering hundreds of microwatts to the implanted
device. These numbers may be affected by frequency-dependent path
loss, antenna size and orientation of the device in the Gl tract. When
utilizing this power delivery method, it is essential to ensure that the
specificabsorptionrate values are lower thanthe standard provided by
theInstitute of Electricaland Electronics Engineers (the standard limit
forlgoftissueis1.6 W kg™ foran input power of 1 W)'*. The piezoelec-
tric materials and circuits that convertana.c. signal from the external
stationtothestabled.c. voltagerail are available off-the-shelf, and they
canbeintegrated into the pill.
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Fig. 5| Powering options for ingestibles. Batteries (silver oxide, lithiumion,
flexible, solid state, and transient), wireless power transfer (acoustic and RF)
and electrochemical galvanic cells are compared in terms of volumetric capacity
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(uAh mm™), size and safety. Silver-oxide batteries are preferred as an onboard
power source and the only type of battery approved for clinical use to power
ingestibles.

Packaging

The US FDA outlines health risks linked to ingestible electronic
pills, emphasizing biocompatibility, electrical and mechanical
safety, functional reliability, structural integrity, intestinal obstruc-
tion, and injury. To address these concerns, the FDA developed an
act with a specific set of controls that would reasonably ensure the
safety and effectiveness of these devices for experiments with ani-
mals and humans'*>'®>, On the basis of the aforementioned risks,
the packaging of such ingestible capsules becomes exceptionally
vital. To adhere to regulations, the encapsulation of an ingestible
pill must be made from biocompatible materials and remain sealed
in the harsh environment of the Gl tract. Also, it must be robust to
retain its shape during the peristaltic movement of the GI passage.
Polydimethylsiloxane and polyether ether ketone are most often uti-
lized as the pill’s external coating due to their biocompatibility and
sturdiness after being cured****">' It is also possible to 3D-print
the shell from biocompatible resin and directly use it as an encap-
sulation”', If there is a need to collect certain chemicals or gases
in the Gl tract, small openings that are isolated from toxic electronic
parts or semi-permeable membranes are used to interface with the
Gl environment****%3,

The size and the shape areimportant parameters of aningestible
pill. Thelargest standard capsule (000) has a diameter of 9.91 mm and
alength of 26 mm, considered the largest reference geometry when
developingingestible electronics®. Typically, big capsules allow more
functional components but also cause device retention, which might
resultinobstruction of Gltract. Statistical analysis of 402 studies about
capsule endoscopy (the size of which is typically close to 000 capsules)
procedures revealed that retention occurred in 1,096 out of 86,742
cases (0.73%). The definite reasons for retention were reported in 610
procedures according to 119 studies, where Crohn’s disease accounts
for most cases (216, 35.41%)*. Sometimes the capsule can be retrieved
naturally with additional medical prescriptions'®®. However, depending
on the retention site, endoscopic intervention and medical surgery
may be required'®*'®°,

Possible solutions to avoid retention risks include minimizing
the capsule dimensions and using partially or fully biodegradable
components. Because the former option may have specific limitations
dictated by the size of the battery or other components, the second
solution has been actively investigated in recent years, offering a vari-
ety of edible and biodegradable biosensors***°, biodegradable®® and

flexible'”*® antennas, transient™">'*” and flexible">"° batteries, and
other structural parts’*"'>"7"'” of the ingestible device.

Localization

Anaccurate knowledge of the position and orientation of the ingestible
pill along the Gl tract is crucial because it would reveal the measure-
ment location recorded by a sensing unit, which could indicate the site
ofatumour, bleeding or other essential markersin the gut. Moreover,
knowingthelocationand orientation of the pillwould helpinthe case
of wireless power transfer to the device asitallows tuning thelocation,
orientation or power radiated by an external base station'>”*, Several
localization techniques have been developed, particularly for ingest-
ible pills, and techniques have been proposed for general implant-
able devices that could be adopted for ingestibles as well. Figure 6 and
Supplementary Table 4 provide asummary of reported localization
techniques and their benefits and demerits.

The most straightforward approach to locating the ingestible
inside the body is to use medical and radiological imaging, such as
MRI, computerized tomography (CT), ultrasound, X-ray, fluoroscopy
or gamma-ray techniques (Fig. 6a). Even though these methods can
achieve high accuracy (as low as 100-200 pm; ref. 175), the imaging
process can be time-consuming, requires bulky and expensive equip-
ment, and can cause an undesired high level of radiation exposure to
the patient. Another method tolocate the ingestible device is by using
the Gl tract’s physical parameters that change from one region of the
guttoanother (Fig. 6b). Forexample, Gl tract organs have different oxy-
genlevels, temperature profiles and pH concentrations'’®. Therefore,
oxygen and pH sensors canbe embedded into capsules for accurately
identifying the passage from one organ to another®. Even though this
method does not require any external elements, it can only say in which
organthe capsuleis located at a particular moment.

The RF transmitter used to send the datafromthe pill to the exter-
nal reader canalso be utilized for localization purposes (Fig. 6¢). One
ofthemethodsis to use the signal strength received by external anten-
nas and to use path-loss models to estimate the ingestible’s location,
achieving 5 cm accuracy’. A time-of-flight algorithm based ona zero
transmission power backscatter communication can also be utilized
to predict the ingestible’s location with 1.4 cm accuracy”®. Overall,
these RF-based methods suffer from uncertain signal propagation
velocities, path-loss parameters and strong absorption of human tis-
sue, whichresultsin moderate centimetre-scale localization accuracy.
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ultrasound or magnetic field generated by the ingestible. The signal strength
received by external receivers is used calculated path loss from which the
location canbe inferred. d, The magnetic-field-based localization technique uses
bidirectional communication and magnetic-field strength measured by the
ingestible for triangulation.

Anultrasound-based methodis another technique where the capsule’s
positionis estimated using the time-of-flight measurements between
the ultrasonic signals transmitted from an external source mounted
on the patient’s body and the signals reflected by the implant"*'*°, As
ultrasound’s propagation loss is less than RF in soft tissues and internal
organs, thisapproach can achieve submillimetre accuracy”*. Another
magnetic-field-based localization technique utilizes apermanent mag-
net placed with the capsule (Fig. 6¢). Anarray of external magnetic sen-
sors measure the magnetic field coming from the Gl tract and decodes
the capsule’s location'®’®?, The advantage of magnetic-field-based
localizationis that low-frequency magnetic fields canrun through the
body withreduced attenuation asthe body’s tissues are non-magnetic.
An accuracy of 1.8 mm can be achieved, but further improvements
of this method are limited by environmental interference, such as
Earth’s magnetic field'®>. Moreover, placing amagnetinside the human
body may pose health risks. For example, multiple magnets on dif-
ferent sides can attach together and burrow through the tissue to
create a perforation.

Another magnetic-field-based method relies on the magnetic
fields generated by external electromagnets that uniquely encode
each spatial pointin the field of view'**'*¢ (Fig. 6d). The magnetic sen-
sor placed in the capsule measures the local magnetic field and then
transmits its value wirelessly to the external reader. On the basis of that
value and by exactly knowing the magnetic field at a given point, the
location of the capsule canbe decoded. The advantage of this method
is its low-power implementation and small-area requirements of the
capsule, while achieving 1.5 mm resolution'®. The potential drawback
of this method is the need for external power-hungry magnetic coils
with sufficient field of view, which may also limit the patient’s move-
ment. Another magnetic localization approachscalesthe frequency of
the excitation coils up to2 MHz, which allows them to be miniaturized
and resonated with high quality factors, boosting the sensitivity and
power efficiency of the system by several orders of magnitude, and
achieving 920 pmresolution, the highest accuracy among all methods
mentioned above'****,

Locomotion
Typically, ingestible capsules do not have the functionality to inde-
pendently control their movement, which limits their ability to target

specificlocations along the Gl tract. Different steering approaches are
being explored in mechanical, electrical and magnetic modalities to
overcome thislimitation. Mechanical techniques generally require an
onboard motor to actuate parts such as ahydrodynamic propeller's”'$,
spring-type shape-memory alloys'"'*° and robotic legs"'>, which
produces propulsive, crawling or walking movements, respectively.
Electrical stimulation of the intestinal wall can cause local muscular
contraction and propel the capsule along the lumen. In vivo and ex vivo
experiments in pigs have shown that, with stimulation current values
exceedingacertain threshold (tens of milliamperes), the device could
reliably move in both forwards and backwards directions'”>'**, These
methods do not require sophisticated external components but only
awireless link with the capsule to control its motion. However, the
power consumed by motors is in the order of hundreds of milliwatts,
and electrical stimulation requires tens of milliamperes of current,
necessitating the battery’s high capacity that subsequently increases
the capsule’s size. Heat dissipation is another concern that must be
considered with such power levels. Due to safety issues, none of these
methods has been tested on human volunteers.

Ingestible capsules equipped with permanent magnets or amag-
netic shell can be steered with external magnetic fields created by
another permanent magnet or electromagnet such as a Helmholtz
coil”>7*"° Three main advantages of magnetic locomotion are no
onboard power consumption, complete control over capsule’s axial
and rotational movements, and direct applicability to any capsule with
no functional modifications. This method has been successfully tested
in clinical trials with no adverse events reported by participants®'*,

Design guidelines

In this section, two examples of ingestible pills are discussed: a
camera-based ingestible pill with an onboard Al accelerator and an
optical-sensing ingestible pill with 3D magneticlocalization. We delve
deeper into the design process by discussing the rationale behind com-
ponent selection for each of the two example pills. We explain how
these component choices impact various aspects of the device, such
as size, sensing capabilities, processing power and energy consump-
tion. In addition, in Fig. 7, we provide a visual representation of the
pill’'s stack-up, listing the possible components that can be utilized
in the prototype. To enhance clarity, the selected components in the
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Fig.7 | Design guidelines. a-c, Design steps (a) of acamera-based ingestible pill with an onboard Al accelerator (b) and an optical-sensing ingestible pill with 3D
magnetic localization (c). The components selected and used in the given examples are highlighted in bold font.

given examples are highlighted in bold font. Here, we aim to provide
amore practical and actionable guide to designing ingestible devices
by offering step-by-step design guidance.

Camera-based ingestible pill with onboard Al accelerator

The application of this pill is the visual inspection of the Gl tract with
onboard image classification for detecting Gl abnormalities such as
bleeding or polyps®. The main components of the pill are acamera, an
MCU with Al capabilities, a power management unit, a transceiver, bat-
teries and encapsulation. The components that are selected first are the
camera, MCU and transceiver as they will eventually define the dimen-
sion constraints and power consumption of the whole system. On the
basis of existing off-the-shelf complementary metal-oxide-semicon-
ductor cameras, multiple options are available, with OV7670 being the
most compact and power-efficient option. This component consumes
approximately 18 mA of current in the active state and requires 2.8 V
and 1.8 V power rails. Similarly, MAX78000 from Maxim Integrated is
acompact and low-power solution for an MCU with an Al accelerator,
consuming1 mAinactive state with apower supply of 1.8 V. As this pill
issimilar toa capsuleendoscope,a400 MHz ZL70102 chip is selected
as a transceiver, which consumes 5.3 mA of current during the data
transfer, lessthan1pAinsleep mode, and requires a2.8 Vsupply volt-
age. At this point, we conclude that 2 supply rails are required to power
the components:1.8 Vand 2.8 V. To generate these power rails directly

fromabattery or d.c.-d.c.converter, we need alow dropout regulator
(LDO). Among various LDOs available off-the-shelf, we selected two
S-1318D LDOs from Ablic as this particular part consumes only 95 nA of
quiescent currentand hasan area of1 mm x 1 mm. EachLDO generates
1.8 Vand 2.8V, respectively. As this pill consumes tens of milliwatts
during the measurements, a battery is used as a power source due to
its capability to deliver this level of power. Three silver-oxide batteries
(SR721) are connected inseries resulting in 4.6 V of output voltage with
29 mAh of total capacitance. Although regulating 4.6 Vdown to 1.8 V
and 2.8 Visnot the most efficient solution, thisapproach eliminates the
useofad.c.-d.c.converter, thus, saving more power. If we assume that
the camera performs measurement for1sat30 frames per second, then
the MCU analyses the data for the next 10 ms, and then the transceiver
sends out the data for 10 ms and everything is repeated every 2 s, the
average currentconsumption of the whole system would approximately
be 6 mA. Withthe givenbattery capacitance, the total battery life would
be 4.8 hours. To furtherimprove the battery life without increasing the
number of batteries, the frame rate of the camera and MCU clock fre-
quency canbe reduced, and the period of this measurement sequence
canbeincreased. The encapsulation of this pill consists of two parts: a
3D-printed shellmade from biocompatible resin and a transparent glass
dome. The diameter of the pill isapproximately 15 mm and the length
is 30 mm. As of now, the prototype is bigger than the standard 000
capsules with the camera being the bottleneck for the pill’s diameter.
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Optical-sensing ingestible pill with 3D magnetic localization
The goal of this pill is to sense different biomarkers present in the
Gl tract by exciting the sensing element with an LED and recording
its reflection or sensing element’s luminescence with the photodi-
ode® 37, Also, this pill employs a magnetic-field-gradient-based
localization: it uses a 3D magnetic sensor to measure the magnetic
fieldinits proximity and then transmits this information to the external
reader that decodesits location based on these values™®. The electronic
components of the pill are an optical sensor with integrated LEDs and
photodiode, an MCU, amagnetic sensor, atransceiver, apower manage-
mentunitand abattery. Among commercially available optical sensors,
MAX86916 from Maxim Integrated is one of the most appealing options
asitintegrates four different LEDs (blue, green, red, infrared) and a
wideband photodiode inasingle package. Moreover, it has built-in LED
driversand photodiode readout circuitry along withan ADC converter.
It consumes 0.5 mA of current during the measurement, requires a
supply voltage of 1.8 V for electronics and 5 V for LEDs, and comes in
acompact 3.5 mm x 7.0 mm x 1.5 mm package. When it comes to the
MCU and transceiver, nRF5340 (BMD-350) was selected as it integrates
both of these elements in a single package, and has better specifica-
tions interms of power compared with its alternatives (Supplementary
Table 2). It utilizes Bluetooth low energy and the data can directly be
transmitted to the mobile device. nRF5340 consumes 3.2 mA of cur-
rent during the data transfer and uses a1.8 V supply voltage. The 3D
magnetic sensor selected for this pill is MMC5633NJL from MEMSIC,
which occupies only 0.85 mm x 0.85 mm of area and consumes 7 pA
per measurement. With the given components, 2 supply rails of 1.8 V
and 5 Vareneeded. Instead of using two separate LDOs, the low-power
S-1200 LDO with dual output (1.8 Vand 5 V) from Ablic is selected. It
consumes 18 pA of current and occupies 1.6 mm x 1.6 mm of area.
Instead of stacking 4 silver-oxide batteries in series to output 6.2V, it
is better in terms of volume to use a d.c.-d.c. converter to boost the
voltage of one or two batteries connected in series to 5.2 V and then
regulate it to the desired 5V and 1.8 V using LDOs. Among various
d.c.-d.c.converter options, XCL100 from Torex is selected asithas alow
quiescent current of 7 gA, incorporates anintegrated inductor and has
avolume of 2.5 mm x 2 mm x 1 mm. Two silver-oxide batteries (SR626)
connected in series are utilized, resulting in 3.1V output voltage and
28 mAh capacitance. As mentioned before, the battery is connected
totheinputofad.c.-d.c. converter. Assuming that the optical sensor
performs measurement for 1 ms and the LED consumes 10 mA during
that time, then the magnetic sensor measures the magnetic field for
the next 50 ms, nRF53 transmits the dataduring the next 0.1 ms and all
these steps are repeated every second, it results in 1.75 mA of average
current consumption. With the given battery capacitance, the pill would
theoretically operate for 16 hours. Similar to the previous example, the
pillis covered with a 3D-printed encapsulation made from biocompat-
ible resin. The total dimensions of the pill are 9.8 mm x 26 mm, which
isslightly smaller than the standard 000 pill.

Outlook

Ingestible electronics offer a non-invasive solution to diagnose and
treat different diseases in the Gl tract, and thus considerable growth
inthe technology can be expected in the coming years. However, sev-
eral challenges lie ahead. Safety issues (such as Gl obstruction), the
complexity of clinical trials and cost are limitations that slow the wider
application of the technology. Miniaturization and development of
transient electronic components, including sensors and batteries,
could solve device retention and Gl obstruction issues. Furthermore,
this would ease some patients’ hesitation and fear of swallowing an
electronic device. The inter-person variability of Gl tract physiology
and disease pathophysiology requires careful planning and a broad
spectrum of volunteer participants, making it more complex, expensive
and time-consuming. As Otsuka Pharmaceutical and Atmo Biosciences
have demonstrated, ingestible capsules offer remote monitoring

capabilities, allowing autonomous data collection without the presence
of a physician. Once the safety profiles of such devices are improved,
the diagnostics and monitoring of the Gl tract in real time would be
possible from the comfort of home.

Currently, mostingestible capsules that are used for sensing focus
onmeasuring general biomarkers (such as pH, temperature, pressure,
bleeding and gases) and only a few sensors have been developed to
detect specific bacteria present in the gut microbiome. However,
the colonic bacterial community is diverse, so it is crucial to develop
sensors capable of detecting different bacteria, which could provide
valuableinformation. Forexample, individuals with neurodegenerative
disorders such as Alzheimer’s and Parkinson’s diseases have been found
to have lower levels of Bifidobacterium and Lactobacillus and higher
levels of inflammatory bacteria such as Desulfovibrio'. Alternatively,
higherlevels of Bacteroidesfragilis and Lactobacillus reuterihave been
linked to improved symptoms of autism spectrum disorder™’, Many
other bacteriain the gut may be associated with different Gl and CNS
diseases, and thusitis essential to develop ingestible sensors that can
record avariety of different bacteria presentin the gut.

Sensing has been the main application of ingestible pills, but the
technology canbe usedin avariety of therapeutic procedures, includ-
ing targeted drug delivery, ultrasonic treatment of colorectal cancer
and electrical stimulation-based treatment of Gl motility disorders.
Insuch applications, control over the pill's movement with high preci-
sion is vital. Magnetic manipulation of ingestible capsules offers the
most straightforward option to steer the device, but it requires bulky
external components suchas an electromagnet or permanent magnet.
Self-sustained leg-based locomotion, which currently suffers from
high power requirements (hundreds of milliwatts), would be the most
convenient option for both patient and physician. Therefore, the thera-
peutic direction of ingestibles would directly benefit from miniature
and ultralow power implementation of self-sustained locomotion.

Another important aspect of ingestible electronics is privacy.
Ingestible pills transmit personal health data wirelessly, and thereisa
risk that these data could be intercepted or misused. Thus, itisimpor-
tant that distributors of ingestible electronic pills implement robust
security measures to protect patient privacy. This includes secure
data transmission, encryption and protection against unauthorized
access. From the perspective of electronic hardware, it would also be
beneficial toreduce the size and power consumption of some second-
ary components. For example, optimizing RF transceivers to achieve
submilliwatt power consumption would increase battery life. Similarly,
integrating the components used for reading out the sensor data,
localization and power managementin asingle chip would reduce the
areaand, therefore, the overall volume of the capsules.

Ingestible electronic pills can potentially be used to unravel dif-
ferent phenomenaunderlying various GI, ENS and CNS disorders. The
devices could also play a key role in the development of personalized
medicine, as treatments canbe customized according to anindividual’s
unique microbiome profile. With the possibility of scaling up produc-
tion and reducing manufacturing costs, ingestible pills could serve
as amore accessible alternative for people in various regions who do
not have access to expensive clinical equipment used for diagnosis
and treatment. But to achieve this application potential, continued
advancementsin various areas of pill design willbe needed, including
developing various sensors, decreasing power consumption, creating
morereliable powering options, minimizing dimensions and enhanc-
ing safety measures.
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Tables

Supplementary Table 1. Summary of commercial and custom analog front end circuits.

vosaty | Tpe | el | PO L A0C e | e |
(Sampling Rate) [V] [uW]
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Custom 5] 10455 1 Mg/s 18 | 648 | 024
Custom (6] ' 283i5 y 11252;?51/5 12 | 396 | 0738

NR - not reported



Supplementary Table 2. Summary of commercial and custom transceiver (TRX) modules.

TX/RX

TX (output

TX/RX

Modalit Technology Name/ Modu- | Data power)/RX \?:l?:lli Energy Area I(E:);t:lrnoal
odatty (Frequency) | Reference | lation Rate DC Current [V]g Efficiency | [mm?] nenlis_
[Mb/s] [mA] [n)/bit]
FSK/ 3.2 (0dBm) MN,ANT,
- nRF5340 PSK 2 126 1.8 27/22 | 44x4.0 XTAL
& Zighee | STM32WB FSK/ 2 >:2 (0dBm) 1.8 44/3.8 | 51x51 MNANT,
(2.4 GH2) PSK /45 XTAL
’ FSK/ 6.1 (0dBm) MN,ANT,
CC2650 PSK 2 5.9 1.8 55/53 | 5.0x5.0 XTAL
4.3 (0dBm) ANT,
MAX3266 FSK 2 133 1.8 37/28 | 42x38 XTAL
onoos | Fsk |2 | 2OBM el oeps | 33x32 | MNVANT
BLE /35 XTAL
5.4 (0dBm) ANT,
(2.4 GHz) [7] FSK 1 3 1 5.4/23 0.85 XTAL
3.7 (0dBm) ANT,
8] FSK 1 1275 1 37/2.8 1.9 XTAL
RF 2.9 (-3dBm) ANT,
[9] FSK 1 123 1 29/23 1.64 XTAL
5.3 (-3dBm) MN,ANT,
7170102 FSK 0.8 143 28 18.5/15 | 43%3.2 XTAL
MICS 3.1 (-6dBm)
(400 MH2) [10] FSK 0.2 15 1 155/75 | 35%3.8 ANT
2.3 (-10dBm) MN,ANT,
[11] PSK 45 129 1 06/05 | 1.7x1.8 | My
ISM 0.135 (NR)
(915 MH2) [12] 00K 0.25 NR 1.55 0.8/NR 0.003 None
ISM 0.03 0.05 (-27dBm)
(915 MH2) [13] PPM 10.06 1155 4 2/29.6 22x1.2 ANT
0.125 0.1 (NR)
Backscatter [14] 00K INR NR 1.8 1.4/NR | 75x12 ANT
. 0.1 0.18 (NR) .
Ultrasonic Other [15] 00K 10.025 NR 1 1.8/NR | 26x6.5 Piezo
, NR NR NR Magnetic
Magnetic Other [12] 00K 121011 10175 1.55 1137103 0.9x0.9 Sensor

NR - not reported, MN - matching network, ANT - antenna, XTAL - crystal




Supplementary Table 3. Summary of powering techniques.

Modality Type \(/)01::232 Size [mm? \ mm?] CaF[)):;::J / Safety
Licton™ 17 3V g ggilf 51.5mn?:h Low
Battery | Silver oxidel'®'9 | 155V g ggi;g 722 nn:/:\: Moderate
Solid-statel? 15V 44%x3%x1.1 100 pAh Moderate
Transient"] 25V 8x10x0.3 0.6 pAh High
Flexible™ 39V 2.25%x1.7x0.13 5.6 pAh Moderate
Energy Piezoelectrid?l | 0.1V 25%20%0.075 NR High
harvesting Triboelectricd? | 02V 16x12x25 40 uW High
Galvanic?®! 015V 3x10x0.25 7 yW High
Power Acoustid™ 02V 0.9%0.9%x0.5 >200 W | Moderate
transfer RFT2] NR 6.8x6.8 >120 pW | Moderate

NR - not neported




Supplementary Table 4. Summary of localization techniques for ingestibles.

Modality Components Components Pill External Complexity Accuracy
in the pill in the components’ station’s
external power power
station consumption consumption
Imaging None MRI, CT, None High High High
X-ray or (KW-level) (hundreds of
ultrasound pm)
scanner
Environmental pH, None Low None Low Low
temperature (uW-level) (organ-level)
and O,
sensors
RF RF RF receiver High Moderate High Low (few cm)
transmitter (mW-Level) (mW-Llevel)
Ultrasound Ultrasonic Ultrasonic Moderate Moderate Moderate High
transducer transducer (sub-mW) (sub-mW) (sub-mm)
Magnetic | Permanent Magnetic None Moderate High Moderate
magnet Sensors (mW-level) (few mm)
Magnetic |l Magnetic Permanent Low Moderate / Moderate High
sensor magnet or (uW-level) High (tens to (hundreds of
electromagnet hundreds of um)

mW)
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