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Mucosa-interfacing electronics

Yiyuan Yang' and Giovanni Traverso@ 2™

The traditional paradigm for medical diagnostics, which
is still actively practised around the globe, relies on physi-
cians’ use of their five basic senses to make inferences
about a patient’s health'. For example, palpation through
orifices such as the oral cavity, rectum or vaginal canal
is still the predominant diagnostic mechanism within
the digestive and female reproductive tracts’. Although
inexpensive and straightforward, such subjective meth-
ods are prone to error and bias’. A growing trend is
to replace physicians’ own senses with electronic sen-
sors, which not only enhances the range and quality
of detection but also provides a means of establishing
‘ground truths’ for pathological conditions based on
the collection of large clinically acquired datasets’. For
example, touch can be replaced with tactile, pressure and
strain sensors; hearing with acoustic and ultrasonic sen-
sors; and smell and taste with biochemical sensors, all of
which provide objective measurements. As traditional
sensing instruments have evolved from bulky and teth-
ered systems into portable and miniaturized electron-
ics that can be worn continuously away from the clinic,
digital diagnostics have transformed from being scat-
tered and requiring restriction in movement to mitigate
compromise of sensor-tissue interfacing to becoming
continuous and unconfined, reducing patient burden
while improving health outcomes by enabling earlier
and faster detection”.

Establishing minimally invasive, high-fidelity and
long-term sensing interfaces with the human body has
been the primary driving force for skin-interfacing

Kewang Nan'24, Vivian R. Feig®3%, Binbin Ying'%4, Julia G. Howarth', Ziliang Kang® 2,

Abstract | The surface mucosa that lines many of our organs houses myriad biometric signals

and, therefore, has great potential as a sensor-tissue interface for high-fidelity and long-term
biosensing. However, progress is still nascent for mucosa-interfacing electronics owing to
challenges with establishing robust sensor-tissue interfaces; device localization, retention and
removal; and power and data transfer. This is in sharp contrast to the rapidly advancing field of
skin-interfacing electronics, which are replacing traditional hospital visits with minimally invasive,
real-time, continuous and untethered biosensing. This Review aims to bridge the gap between
skin-interfacing electronics and mucosa-interfacing electronics systems through a comparison
of the properties and functions of the skin and internal mucosal surfaces. The major physiological
signals accessible through mucosa-lined organs are surveyed and design considerations for

the next generation of mucosa-interfacing electronics are outlined based on state-of-the-art
developments in bio-integrated electronics. With this Review, we aim to inspire hardware
solutions that can serve as a foundation for developing personalized biosensing from the mucosa,
arelatively uncharted field with great scientific and clinical potential.

electronics (SIE), a class of technologies initially devel-
oped for prosthetic control systems that has since made
remarkable advances towards the introduction of per-
sonalized health-care approaches (FIC. 1). SIE refers to
electronics that seamlessly interact with skin owing
to their physical properties, which closely match those of
skin, including flexibility and stretchability®. Major hard-
ware breakthroughs over the past decade, including the
development of soft sensors, wireless technologies and
battery-free powering solutions, have enabled SIE to
provide minimally invasive, real-time, continuous and
untethered health monitoring®’. The engineering
and applications of SIE are reviewed elsewhere®'".
Despite these advances, myriad relevant physiological
and pathophysiological signals are inaccessible from
the skin, including those from the digestive, respiratory,
reproductive and urinary systems. These anatomical
regions are covered by mucosa, which is often referred to
as the ‘inner skin’ of the body and has many anatomical
and functional similarities with skin'?. Existing clinically
approved sensors that interact with the mucosa (FIC. 1)
in a minimally invasive way are in capsule or catheter
forms; rigid or with limited bendability; battery-powered
or tethered; are incapable of being retained by the body
for long-term measurements; and have more technical
similarities with conventional electronics than with
SIE". These design features are insufficient to achieve
comprehensive monitoring of the mucosa, or organs
underlying the mucosa, in a tissue-interfacing and
chronic fashion. In this Review, we explore how many
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Clinically approved sensors that interact with

mucosa

e Form factor: capsules, catheters or endoscopic devices

¢ Key material properties: antifouling, chemical-
resistant, rigid or limited bendability against
gastrointestinal compression

e Sensing type: visual exam and biophysical

* Device retention: acute (intra-procedural for
endoscopic-based) to short (minutes to hours for
catheter-based, hours to days for capsule-based)

¢ Device removal: physical or surgical removal
(catheters or endoscopic devices) or excreted through
peristalsis (capsules)

* Power supply: finite through cables (catheters) or
non-rechargeable batteries (capsules)

Mucosa-interfacing electronics

e Form factor: capsules or catheters for delivery, then
thin films for attachment

¢ Key material properties: combines properties from
above

 Sensing types: biophysical, biochemical, environmental

e Device retention: long (weeks to months)

¢ Device removal: non-invasive (e.g. biodegradable
electronics, triggerable disassembly)

¢ Power supply: infinite through wireless energy transfer
or self-powering

¢ End goal: minimally invasive, continuous, real-time,
multimodal biosensing from the mucosa

—a
—a

Skin-interfacing electronics

e Form factor: wearables (e.g. thin films,
textiles, bands)

* Key material properties: low modulus,
stretchable, skin-adhering, self-healing

¢ Sensing types: biophysical, biochemi-
cal, environmental

¢ Device retention: long (weeks to
months)

¢ Device removal: peel-off

* Power supply: infinite through
rechargeable batteries, wireless energy
transfer or self-powering

~ Respiratory tract
< -

Reproductive tract

Fig. 1| Overview of mucosa-interfacing electronics in relation to existing sensors that interact with mucosa and
the skin-interfacing electronics. The key features of existing clinically approved sensors that interact with the mucosa
and skin-interfacing electronics are highlighted, as well as the end goal for mucosa-interfacing electronics.

of the design considerations that may inform the devel-
opment of truly mucosa-interfacing electronics (MIE)
can be addressed by lessons learnt from SIE (FIG. 1).

This Review aims to provide guidelines to inform
the design of MIE based on considerations specific
to the mucosa-lined regions of the body. First, we describe
the main anatomical and functional features of the
mucosa and compare its properties with those of the skin
(BOX 1). Next, we identify major types of physiological sig-
nals that can be accessed from the mucosa and describe
how these are currently evaluated clinically. Finally, we
discuss the major engineering challenges for realizing
MIE and highlight how researchers have addressed these
challenges through technical advances in SIE and other
forms of bio-integrated electronics.

Diagnostic attributes of surface mucosa

A diverse set of sensor technologies has been exploited
in SIE to measure multiple types of physiological sig-
nals from the skin: electrical, biochemical, temperature,
vascular dynamics, mechanical, skin properties and
environmental®''. Most of these signal types are present
on the mucosa with richer details and diagnostic poten-
tial (TABLE 1). In this section, we survey these accessible
signal types from the mucosa and discuss existing clini-
cal tools for accessing these signals. We note, however,

that none of these methods offers minimally inva-
sive and continuous sensing in unrestrained patients.
This type of sensing is needed to enable the use of the
acquired signals to obtain real-time feedback for health
tracking and therapeutic interventions, as has been the
trend for SIE.

Electrical signals
Electrical signals through the mucosa can be valuable
indicators of health status. For instance, measuring
changes in vaginal mucus impedance and uterine con-
tractile electrical activity in pregnant women can be used
to predict delivery time and identify abnormal labour
conditions'. Similarly, pulmonary mucosal impedance
directly reflects pulmonary function and can be used to
monitor diseases such as pneumonia and asthma'. The
slow-wave potential, a rhythmic electrophysiological
event in the gastrointestinal (GI) tract, is highly corre-
lated to gastric functions'®". Last, the external urethral
sphincter muscle regulates the timely passage of urine
through the urethra, and external urethral sphincter
electromyographic activity is used to study lower urinary
tract function'®.

Currently, several clinical techniques are avail-
able to monitor electrical signals. A cutaneous electro-
gastrogram obtained from the abdominal wall, although
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indirect, is used clinically to detect gastric slow-wave
motility by recording myoelectrical activity"’. Similarly,
measurements of urine electromyographic activity use
small sensors placed near the urethra or rectum to
record muscle and nerve activity. The Digitrapper reflux
testing system, a commercial product from Medtronic,
can quantify acid reflux symptoms with catheter-based
impedance testing®. In the reproductive tract, the
medical-grade kegg fertility tracker device helps to more
accurately predict a womans fertile window by measuring
electrolyte levels through cervical fluid impedance”.

A major limitation of these diagnostic techniques is
that they are mainly accessible only by referral through
trained practitioners and often necessitate uncomfort-
able pre-procedure preparations. Additionally, cuta-
neous signal acquisition methods usually produce low
signals and exhibit motion artefacts, while clinical meth-
ods that interface with the inner mucosa directly lack

the possibility for long-term monitoring because they
require bulky external instrumentation.

Biochemical signals

An enormous amount of biochemical information can be
obtained from mucosa and the lumen of tubular organs.
For example, a decrease in the oesophageal pH to <7 sug-
gests gastro-oesophageal reflux disease””. Balanced elec-
trolytes, metabolites, gas, enzymes and microorganisms
in the GI tract are important for overall physical and
psychological health beyond healthy GI function. The
microbiome influences immune system development
and function®. Aberrant intestinal microbiota can con-
tribute to the pathogenesis of various metabolic disor-
ders, including obesity, type 2 diabetes, cardio-metabolic
diseases and malnutrition®’. Additionally, DNA informa-
tion from the respiratory system can help diagnose viral
infections, such as SARS-CoV-2. DNA, RNA and protein

Box 1 | The surface mucosa

The surface mucosa is the membrane layer that lines the internal cavities
and covers the surface of many organs within the digestive, urinary, female
reproductive and respiratory tracts. Its outermost layer comprises a
cellular epithelium akin to that which covers the skin'’. Although there are
many similarities between these epithelia, structural differences between
mucosa and skin reflect their different properties and functions. Below, we
highlight the key differences that inform the unique considerations for
developing mucosa-interfacing systems (see Supplementary Tables 1 and 2
for further comparison).

Structure and dynamics
The outer layer of the skin is a keratinized stratified squamous epithelium
that is slowly but continuously regenerated, turning over approximately
once every 40-56 days (REF.**%). The turnover rate of mucosa, by contrast,
varies from complete turnover every 2-6 days in the small intestine’** to
once every 200days in the bladder®*. In the female reproductive system,
the uterine mucosa undergoes cyclic morphological changes and turnover
with hormonal fluctuations throughout the menstrual cycle, culminating
in the complete shedding of the outermost layer during menstruation”**.

Mucosal surfaces are more curvilinear and dynamic than skin. For
example, the digestive mucosa has a large surface area to facilitate nutrient
absorption, with a highly folded structure and villi in the small intestine’*°.
Muscular activity transits food down the digestive tract through peristalsis,
imparting large strain’*. Additionally, the bladder epithelium changes from
cuboidal to squamous to accommodate stretching as the bladder fills and
empties’’’. Finally, lung bronchi are lined with hair-like projections called
cilia that beat in synchronicity to transport mucus?*.

Skin is covered by a keratinous protective layer known as the stratum
corneum. By contrast, mucosal linings are generally covered by a layer
of mucus — a viscoelastic mucin hydrogel primarily comprised of glyco-
proteins secreted by cells in the epithelium”* — that protects the underlying
cells from chemicals, enzymes, microorganisms and mechanical damage®”.
Mucus thickness ranges from 10 um to 15 um in the respiratory tract to
300 pum and 700 um in the stomach and intestine, respectively””. In the
uterus, mucus thickness and viscoelasticity vary during the menstrual cycle;
for instance, cervical mucus is more watery during ovulation to facilitate
sperm entry**’. Generally, the mucus barrier is more dynamic than the under-
lying epithelium. In the gastrointestinal (Gl) system, mucus has a turnover
rate that ranges from minutes to hours’*'. The respiratory mucus interacts
with cilia in a process called mucociliary clearance to trap foreign debris,
which is transported with the mucus out of the airways by ciliary beating***.

Chemical and biological environments

Mucosal surroundings are often more chemically and biologically
extreme than those of skin. Mucosal surfaces typically experience higher
hydration levels than skin, particularly in the Gl tract, where up to 91 of

fluid is transported daily***. The Gl tract also contains a diverse set

of endogenous and dietary proteins that have roles in digestive
processes”*. In the urinary tract, chemicals such as uric acid and calcium
oxalate can form into stones or encrustations that foul devices, such as
urinary stents’*’. Mucosal surfaces also experience a wider range of

pH values than skin, for example, in the Gl tract, the pH varies from low
values (pH 1.2-3) in the gastric cavity to higher values in the intestines
(pH 5-7)%°.

In other respects, mucosal surroundings are subject to less environ-
mental fluctuation than skin. For example, skin temperature varies
with its surroundings, but mucosal temperatures are largely maintained
around core body temperature, although they can increase slightly with
exercise and infection, and exhibit variability in regions closest to exter-
nal orifices, such as the oral cavity**. Additionally, gas compositions
in the mucosal lumen can differ from those in contact with the skin.

For example, oxygen content in mucosal lumen is usually lower than that
in atmospheric air, whereas gases such as carbon dioxide, hydrogen and
hydrogen sulfide are generated from endogenous biochemical processes
related to digestion?*®, sugar fermentation in urine’*’ and pregnancy’*,
respectively.

Interplay between microorganisms and mucosa is important in the inner
body. For example, vaginal homeostasis is maintained by endogenous
lactobacilli, which are nourished by glycogen deposits in the epithelium
and help maintain a low vaginal pH (<4.5)**°. Bacteria in the digestive
tract also support digestion”*’, defence”® and immunity”’’. Even the lungs
house a diverse microbiome that both influences and is responsive
to immune responses and inflammation?.

Sensing functions

On skin, physical signals like pressure and temperature are transduced
into electrical signals by the sensory receptors (the exteroreceptors)’,
such as mechanoreceptors®*’. Conversely, mucosa host a set of additional
sensory receptors (the interoceptors) that pertain to specific organ
functions and sensitive responses of the inner body. The afferents in
the oesophageal mucosa are sensitive to multiple chemicals (such as
hypertonic saline, sodium hydroxide and serotonin) that regulate
collective muscular motions to advance food and prevent backflow?*".
Taste receptors have been found in parts of the inner mucosa?”. For
example, bitter taste receptors on epithelial cells lining the airways,
gastric mucosa and bladder induce purging mechanisms for clearing
gas and fluid upon activation”. The vesical mucosa has many
mechanoreceptors and pain receptors for signalling the urge for
urination, but about 30% of the total afferents are ‘silent’ and only
develop partial responses to mechanical stretching after acute
inflammation of the bladder”**.
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Table 1 | Diagnostic opportunities of the mucosa categorized by different conditions

Key opportunities
Reproductive tract

Conception and
fertility planning and
management

Reproductive cancer

Dysbiotic environments

associated with infection

Urinary tract

Urinary incontinence
and overactive bladder

Acute kidney injury

Bladder cancer

Kidney stones

Digestive tract
GERD

Gl motility disorders

Gl cancer

Peptic ulcer

Gl inflammation
(for example, gastritis
and IBD)

Glischaemia

Gut-brain axis

Respiratory tract
COPD and cancer

Current clinical approaches

Body temperature measurement;
qualitative inspection of vaginal
mucosa; digital pelvic exam

Tissue biopsy

Digital pelvic exam; imaging vaginal
secretions; vaginal pH measurements

Self-reporting; post-void residual
measurement

Blood panel; cytology and evidence
of casts (aggregates of cells)

Cytology evaluation using cystoscopy

Blood panel; urinalysis; imaging

Endoscopy and imaging; ambulatory
acid (pH) test; oesophageal
manometry

Endoscopy; Helicobacter pylori
(breath) test; stool test

Tissue biopsy; endoscopy or
colonoscopy; imaging

Endoscopy; imaging; H. pylori tests

H. pylori tests; stool or blood test;
imaging; endoscopy or colonoscopy

Imaging

Intravital Ca®* signalimaging
of the gut

Pulmonary function tests; chest
imaging; arterial blood gas analysis;
spirometry; tissue biopsy

Mucosal signals with potential diagnostic value

Mucosa properties: vaginal mucus impedance, stiffness and viscosity
Temperature: real-time monitoring of basal body temperature
Biochemical: uterus pH and oxygen levels

Mechanical: pressure-based detection of cervical tenderness, uterus size
and uterus stiffness

Electrical: measuring uterine contractile activity to predict delivery time
and identify abnormal labour

Biochemical: protein biomarkers associated with different cancers; DNA and
RNA sensors for detecting mutations and viral infections associated with
cancers (for example, HPV)

Biochemical: vaginal pH levels; quantity and diversity of bacteria in vaginal flora

Mechanical: bladder pressure and strain detection

Electrical: impedance measurements of bladder volume; electrophysiological
indicators of bladder disease

Biochemical: creatine detection in kidneys

Mechanical: direct measurement of pressure and strain exerted on kidneys
Biochemical: urine protein biomarkers

Mucosa properties: colour abnormalities in bladder mucosa

Biochemical: Ca levels in kidneys; mineral levels, white blood cells and bacteria
inurine

Mucosa properties: oesophageal mucus impedance

Biochemical: oesophageal pH level; cell-type evaluation

Electrical: impedance measurements of luminal content

Electrical: EGG; slow-wave activity

Mechanical: pressure recording in Gl tract

Biochemical: pH and gas in stomach and Ca** in intestines

Biochemical: protein, DNA or RNA biomarkers associated with Gl cancers

Mucosa properties: elastic modulus of stomach for gastric cancer; hardness
of colon for colorectal neoplasms

Mucosa properties: mucosal quality and elastic modulus for H. pylori-related
gastric and duodenal ulcers

Biochemical: protein, DNA or RNA sensors for detecting bacterial infections
associated with ulcers (for example, H. pylori)

Vascular dynamics: Gl mucosal blood flow
Mucosa properties: mucosal integrity, impedance, stiffness

Biochemical: protein, DNA or RNA sensors for inflammation-relevant
biomarkers; sensing of macronutrients or metabolites levels

Vascular dynamics: Gl mucosal blood flow

Vascular dynamics: Gl mucosal blood flow

Biochemical: oxygen sensing for intestinal oxygen tension
Electrical: electrophysiology

Biochemical: neurotransmitter sensing (for example, dopamine) in the gut

Mechanical: monitor pressure within lung and bronchial airflow

Biochemical: protein, DNA or RNA sensors for disease-relevant biomarkers;
pulmonary oxygen levels

Vascular dynamics: arterial blood vessel diameter; blood pressure of femoral artery

Mucosa properties: modulus of bronchial airway walls; stiffness of trachea rings
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Table 1 (cont.) | Diagnostic opportunities of the mucosa categorized by different conditions

Key opportunities
Respiratory tract (cont.)

Tuberculosis

Asthma

Pneumonia

Current clinical approaches

Physical exam; blood, skin or sputum
tests; imaging

Physical exam; spirometry; exhaled
nitric oxide test

Physical exam; blood or sputum tests;
imaging; pulse oximetry; RT-PCR

Mucosal signals with potential diagnostic value

Biochemical: protein, DNA or RNA sensors for detecting MTB

Mechanical: pressure within lung and bronchial airflow
Mucosa properties: pulmonary mucus impedance, viscosity, colour
Mucosa properties: pulmonary mucus impedance, viscosity, colour

Biochemical: protein, DNA or RNA sensors for detecting viral infections

associated with pneumonia (for example, SARS-CoV-2, MERS and SARS
in respiratory mucus); oxygen levels

COPD, chronic obstructive pulmonary disease; EGG, electrogastrogram; GERD, gastro-oesophageal reflux disease; Gl, gastrointestinal; HPV, human papillomavirus;
IBD, inflammatory bowel disease; MERS, Middle East respiratory syndrome; MTB, Mycobacterium tuberculosis bacteria; RT-PCR, reverse transcription polymerase
chain reaction; SARS, severe acute respiratory syndrome.

diagnostics can help to support screening for colorectal,
oesophageal, lung, urinary tract, cervical, endometrial
and ovarian cancers™*.

Clinically available mucosal biochemical diagnostics
are limited. For reproductive health, self-testing kits are
available, namely, vaginal swabs that are used to measure
pH and diagnose conditions such as bacterial vaginosis
outside of the clinic”’. Oesophageal manometry can be
upgraded to include pH sensing to diagnose diseases
such as gastro-oesophageal reflux disease. Such diseases
can also be diagnosed using the Bravo reflux testing
system, which is a capsule-based method that evaluates
pH for up to 96h in the lower oesophagus™. The Atmo
ingestible gas capsule senses oxygen, hydrogen and car-
bon dioxide during GI transit to provide unique insight
into GI disorder pathogenesis®. Beyond these examples,
physicians still largely rely on conventional diagnostic
techniques such as blood and bodily fluid panels for
biochemical analysis, whereas tissue biopsy remains the
gold standard for cancer diagnosis. In addition to being
limited to hospital settings, these tests typically require
long wait times to obtain results, precluding real-time or
long-term monitoring.

Temperature

Body temperature is one of the most straightfor-
ward indicators of metabolic state and health status.
Normal human body temperature is often reported as
36.5-37.5°C, but depends on measurement location
and time™. Infection and inflammation usually induce
fevers. Food and drink intake patterns result in gastric
temperature fluctuations of up to 4 °C (REFS.*"*3), which
could be applied to quantitatively evaluate dietary
habits*. Temperature changes measured within the uri-
nary bladder are more closely correlated to pulmonary
artery temperature and, therefore, to core body tem-
perature, than are recordings performed in the rectum
or on skin*. Basal body temperature is also highly cor-
related with menstrual cycle stages and can be used to
track fertility, with most women experiencing a slight
temperature increase during ovulation®*.

Currently, several techniques are available to mon-
itor body temperature through the mucosa or lumen.
Temperature measurements within the oral cavity
and rectum are the clinical norm for fever monitor-
ing. Urinary bladder temperature monitoring through

indwelling urinary catheters is commonly used and con-
sidered as the reference method, especially in intensive
care units*”’.

Outside of clinical settings, ingestible capsules
such as e-Celsius and SmartPill can wirelessly meas-
ure the core temperature as they pass through the GI
tract. OvulaRing, a vaginal ring with an integrated
thermometer and wireless readout that can be retained
in the reproductive tract, is a commercial product
used to forecast ovulation more accurately than daily
self-measurements of basal temperature, especially for
women with menstrual cycle irregularities™. Its ability to
continuously monitor temperature with regional spec-
ificity is an exciting demonstration of the benefits of
a long-term MIE device.

Vascular dynamics

Submucosal vascular dynamics, or haemodynamics, are
receiving increasing attention for their ability to predict
pathologies and abnormal healing. Mucosal blood flow
has an important role in healing gastric ulcerations, as
blood flow around ulcers should increase during normal
healing**, and intestinal ischaemia occurs when blood
flow through the major arteries that supply blood to the
intestines becomes restricted. Additionally, pulmonary
microvascular and macrovascular dynamics are cor-
related to the evolution of conditions such as chronic
obstructive pulmonary disease®, whereas bladder hae-
modynamic measurements can enable earlier treatment
of lower urinary tract diseases*'. Finally, abnormalities in
ovarian arterial blood flow to the reproductive tract may
predict complications during late pregnancy*, whereas
a change in renal blood vessel diameter may indicate
impending kidney failure.

Current clinically available haemodynamic measure-
ments are mainly dependent on optical methods (such
as photoplethysmography and laser Doppler flow-
metry), sphygmomanometry and ultrasound imaging.
Ultrasonic and optical techniques have been com-
bined with bronchoscopy, endoscopy or colonoscopy
to monitor the haemodynamics of difficult-to-reach
mucosa-lined organs (for example, the stomach, bow-
els and lungs)***". Endoscopic Doppler optical coher-
ence tomography acquires high-spatial-resolution
velocity-variance images of GI mucosal and submucosal
blood flow. Endobronchial ultrasound bronchoscopy is a
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minimally invasive procedure used to provide real-time
imaging of the surface of airways, blood vessels, lungs
and lymph nodes to diagnose lung cancer and chest
infections®. These techniques are all mainly performed
in hospitals, require uncomfortable pre-procedure
preparations (such as fasting and sedation), can
cause post-procedure infections and are not ideal for
long-term monitoring owing to either their bulky size
or short retention time.

Mechanical signals

Mechanical signals within mucosa-lined regions are
highly correlated to health. For example, airway pressure
drops abnormally for patients with trachea and bronchial
stenosis*‘; oesophageal pressure is related to the motor
function of oesophageal muscle contractions; slow
whole-gut transit time could be caused by gastroparesis®’,
functional dyspepsia®, inflammatory bowel disease and
intestinal paralysis; lumen pressure and strain are the
best direct indicators of bladder function*’; and abnor-
malities in vaginal wall biomechanics during preg-
nancy could be early indicators of miscarriage, ectopic
pregnancy or preterm labour™.

Manometry (anorectal, oesophageal and gastroduo-
denal) measures pressure within the GI tract. The ingest-
ible SmartPill motility capsule is a promising advance
from traditional tethered manometry that can localize
transit abnormalities to specific GI regions. In the res-
piratory system, airway pressure is clinically monitored
with ventilators, but manometry could be an alternative
solution®'. Digital pelvic exams are standard for vagi-
nal pressure monitoring; submucosal bladder pressure
monitoring is feasible but still technically challenging®.
Although manometry is generally safe, patients can
experience some discomfort and existing techniques
lack long-term monitoring capability.

Mucosal properties
Changes in mucosal properties such as colour, texture,
stiffness and hardness are indicative of pathological con-
ditions. For example, GI tissue infected with Helicobacter
pyloriis softer than normal®, whereas cancerous mucosa
is harder*. Chronic respiratory airway injury can man-
ifest in epithelial denudation, mucosal ulceration, sub-
epithelial thickening, collagen deposition and increased
stiffness®>°. In patients with various bladder diseases,
mucosal colour changes often precede lesions, followed
by contour changes in the bladder”. Vaginal wall tissue
stiffness in women with pelvic organ prolapse is also
higher than that measured prior to prolapse™.
Standard clinical evaluation of mucosal proper-
ties depends on palpation, imaging and tissue biopsy.
Palpation is a common but subjective method for diag-
nosing mucosal abnormalities in the oral cavity, rectum
and vagina. Endoscopic imaging has been clinically
implemented to investigate mucosal integrity and colour
in the GI tract, bladder and lungs, and computed tomo-
graphy imaging can be used to diagnose pulmonary cystic
fibrosis by identifying abnormal mucus and dilated air-
ways in the lungs®. In a move to reduce invasiveness,
ingestible capsules such as the PillCam directly visual-
ize the small bowel and colon and their related lesions®'.

However, imaging cannot examine deep mucosal lay-
ers, where precancerous property changes often occur™.
Finally, endoscopy can be used to collect tissue biopsies,
although samples are analysed ex vivo and may require
long processing times. Although useful, endoscopy in
general requires burdensome pre-procedure prepara-
tions, such as fasting, bowel preparation (cleansing)
with laxatives and sedation, and can be associated with
periprocedural complications®.

Environmental signals

As the inner skin of the body, the mucosal lining is con-
tinuously exposed to exogenous sources such as drugs®,
contaminated food* or sexually transmitted viruses®.
Currently, clinical diagnostics are implemented only
after symptoms arise. For example, contaminated foods
usually cannot be detected in advance, and blood or
stool tests diagnose digestive infections only after they
have become symptomatic. Mucosal devices capable of
detecting environmental pathogens in real time could
enable a transition from a reactive to a proactive frame-
work for disease management, which could dramatically
improve quality of life and health outcomes.

Towards mucosa-interfacing electronics

The above discussion demonstrates the need to develop
electronics for minimally invasive, real-time, continu-
ous and untethered sensing from the mucosa to aid the
management of a broad array of conditions by increasing
the diagnostic accuracy, enabling faster response times
and expanding accessibility to broader patient popu-
lations. Despite these promising opportunities, major
hardware challenges exist that arise from the unique
anatomical and physiological features of mucosa-lined
organs, leading to large technological gaps between SIE
and MIE. These issues can be grouped into two over-
arching challenges. First, the mucosal environment is
generally more physically and biochemically extreme
than that of the skin. Specifically, mucosa is highly
curvilinear and includes regions of large spontane-
ous motion, such as peristalsis, making it difficult to
establish robust sensor-tissue interfaces and to achieve
long-term retention. Additionally, the mucosa surface is
wet and dynamic with high cellular turnover and is often
exposed to large amounts of exogenous and endogenous
matter, posing challenges for device encapsulation and
retention. Second, accessing the mucosa is non-trivial
compared with accessing skin, presenting unique chal-
lenges in terms of device delivery and removal, as well
as with powering the device and communicating with it
to extract the recorded data.

In this section, we present the materials and device
engineering challenges for realizing MIE and discuss
potential solutions. Many of these solutions are inspired
by advances in SIE and other types of bio-integrated elec-
tronic systems, which have long grappled with similar chal-
lenges, such as achieving reliable interfacing with soft and
dynamic bodily surfaces to obtain high signal fidelity****.
However, careful design considerations are needed to
interface electronics with the mucosa owing to addi-
tional complications related to the anatomy, physiology
and biochemical environments of mucosa (FIC. 2).
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Skin Encapsulation

¢ Requires resistance to
biofouling and leakage
caused by acidity,

chemicals and enzymes

Mucosa

Communication

* Space requirements for
antenna

* Antenna misorientation

* Tissue attenuation of - oy
radio-frequency signals ’

Removal

¢ Difficult to physically
access

e Safety risk from toxic

by-products

Powering

e Lacks sustained powering
methods

 Safety risks of battery

¢ In vivo path loss of near-field

energy transfer
)\
Retention
e Fast cellular turnover and
constant organ motion
¢ Risk of obstruction and
inflammatory response

* Balance between retention
time and ease of removal

Sensor-tissue interface

* Mechanically softer than skin
¢ Covered with mucus

¢ Constant organ motion

Localization

¢ Invasive clinical procedures

e Lacks direct visualization

¢ Dynamic environment (fluid
transport, organ motion)

Fig. 2 | Towards mucosa-interfacing electronics. Schematic of an envisioned mucosa-interfacing electronics system,
outlining the main challenges facing mucosa-interfacing electronics devices (right) compared with state-of-the-art
skin-interfacing electronics (left). The challenges include aspects related to sensor performance (sensor—tissue interface
and encapsulation), sensor deployment (localization, retention and removal) and communication and power supplies.

Leftimage courtesy of J. A. Rogers.

Signal acquisition

Establishing a sensor-tissue interface with mucosa.
Non-invasive, continuous and long-term sensing in the
mucosa requires a chronically stable and robust sensor—
tissue interface, which is primarily challenged by the
mechanical mismatch between rigid electronics and soft
mucosa®; the presence of a slippery mucus layer; and
constant perturbation by dramatic organ motion, such
as peristaltic motion in the digestive tract. The two main
strategies that have been extensively explored in the field
of SIE (that is, structural and materials engineering;
FIG. 3a) show promise at establishing robust interfaces
even in these difficult environments. Many soft surface
electrodes have been used as minimally invasive, chronic
sensor-tissue interfaces (TABLE 2).

Structural engineering strategies have been used to
obtain flexible and stretchable electronics, including bat-
tery arrays’’ and integrated circuits”, for long-term con-
formal contact with the body. To strengthen the van der
Waals forces between the device and the tissue, the elec-
trode dimensions can be reduced to sub-micrometre
thickness with a low-filling-ratio configuration using
advanced photolithography’”. In the digestive tract,
flexible sensors with sub-millimetre thickness have
shown adhesive-free attachment onto the gastric mucosa
of anaesthetized animals to record electrophysiological
and mechanical signals’", although their effectiveness
in freely moving animals over long time frames remains
to be tested.

Structural engineering approaches achieve stretch-
ability through an island-bridge configuration’, in
which electronic components that are common in rigid
sensory circuits and microelectromechanical systems
are arranged into sparse arrays (‘islands’) on soft sub-
strates and connected using stretchable conductors,
such as carbon-black-doped silicone”” or liquid metals”™
(‘bridges’). Non-stretchable materials such as metals and

conductive pastes can also be converted into stretch-
able interconnects by patterning them into architectures
that include self-similar serpentine traces”, wrinkles®,
3D arcs® and helices®, kirigami-inspired cutting patterns®™
and textiles* (FIG. 3b).

Materials engineering approaches, by contrast,
employ intrinsically soft and stretchable materials that
retain their electronic properties under large deforma-
tions, such as conjugated polymers®, liquid metals*
and composites of elastomers®, as well as functional
nanomaterials® that can be patterned into high-density
transistor arrays (up to 347 transistors per cm?)**.
Sensor-tissue interfaces that achieve long-term (up
to several months) interfacing with various organs
in vivo have been demonstrated’>””**"!. For example,
low-modulus silicone-based elastomers were used to
engineer a soft (elastic modulus < 70 kPa) and elastic
strain gauge that can be worn over the urinary blad-
der peritoneum to repeatedly measure its expansion
and contraction in real time, while only exerting <2%
compressive strain on the bladder”. Similar techniques
led to the development of NeuroString, an ultra-soft
electrochemical sensor made of porous graphene elec-
trodes and elastomeric encapsulations, which was used
to demonstrate, in acute settings, stable interfaces with
the rodent GI mucosa for simultaneous tracking of
dopamine and serotonin levels™.

Conductive hydrogels are promising candidate
materials for establishing compliant, robust and sta-
ble sensor-tissue interfaces with the mucosa, owing to
their tissue-like softness (elastic modulus < 500 kPa) and
high water content (>70%). The mechanical properties
of hydrogels such as viscoelastic moduli, viscoplasticity
and stretchability can be tuned to match those of target
tissues by adjusting the polymer chemistry, molecular
weight and crosslinking density of the hydrogel®*.
Hydrogels can also enhance electrical coupling at the
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Fig. 3 | Methods for establishing sensor—tissue interfaces with mucosa. a| lllustration of the structural (left) and
materials (right) engineering approaches for establishing robust sensor-tissue interfaces. b | Schematics of various
structural engineering approaches that convert plastic materials into stretchable conductors, showing the conductors
before and after stretching. The axis shows a range of reported maximum stretchability for each approach. ¢ | Schematic
showing the enhancement of the sensor—tissue interface by minimizing the mechanical mismatch with the tissue using
a soft hydrogel (right) compared with a sensor—tissue interface with a conventional electrode (left). The insets show

the corresponding equivalent circuit diagrams, comprising

capacitors (C) and resistors (R). d | Schematic showing the

formation of covalent bonds between a conductive hydrogel and tissue to simultaneously realize strong adhesion and low
electrical impedance at the sensor-tissue interface. e | Schematics showing the initial hydrogel (left), the fragile swollen
state of the hydrogel following fluid uptake (middle) and the swelling-triggered toughening mechanism that involves the
diffusion of encapsulated crosslinker molecules in the first polymer network (polymer 1) and then crosslinking of a second
polymer network (polymer 2) to enhance the toughness of the hydrogel after fluid uptake (right).

sensor-tissue interface. By minimizing the mechani-
cal mismatch between the device and the tissues com-
pared with conventional electrodes, hydrogels also
eliminate the tiny voids that typically increase inter-
facial impedance at the sensor-tissue interface (FIC. 30).
Furthermore, hydrogels conduct electricity using ions
and have similar conductivities to those of biological

tissues (0.1-10 Sm™")>*°. For instance, poly(vinyl
alcohol)-based hydrogels with 88 vol% saline support
tissue-like ionic conductivities of 0.3-0.5Sm™ at 1kHz
to enable high signal-to-noise ratios of 20 and 30 dB
for electrocorticography in rat and porcine brains,
respectively”’. Conjugated polymer-based hydrogels
with mixed electronic and ionic conductivities also
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reduce the interfacial impedance at frequencies below  directly accessing the underlying tissues have also been
1kHz (REF™). explored to enhance the longevity of the sensor-tissue

A new group of hydrogel-based sensor-tissue inter-  interface. A promising approach is to exploit the bonding
faces exploits hydrogels with both conductive and of the hydrogel with tissue-specific or cellular-specific
tissue-adhesive features to simultaneously realize strong  sites on selected mucosal tissues and cells'””'* that have
bonding and low electrical impedance at the sensor-  much slower turnover rates. For instance, a genetically
tissue interface (FIC. 3d). For example, advances in photo-  targeted approach was used to demonstrate the in situ
curable conductive hydrogel bioadhesives have enabled  assembly of conductive polymers on electrically active
the adhesion of devices onto wet tissues with electrical ~ cells in neural tissues'®; this method can potentially
conductivities of ~1 Sm™', while the optical transpar-  be adapted to establish low-impedance electrical inter-
ency enables wireless phototherapy to treat neurological ~ faces at target cell types with slower turnover rates in

disorders”. Graphene-incorporated conductive hydrogel ~ the mucosa.

bioadhesives (with conductivities of 2.6 Sm™") have been Zwitterionic hydrogels, which are crosslinked poly-
exploited for long-term electrocardiography recordings ~ meric networks that contain equal numbers of cati-
on the surface of a rodent heart'®. onic and anionic groups, are great matrix materials

Although hydrogel-based sensor-tissue interfaces for hydrogel-based sensor-tissue interfaces owing
that are stable for up to 1 month have been realized on  to their antibacterial and anti-biofouling properties
the outermost surfaces of the heart'*"'*?, lungs'”"" and  and their ability to attenuate immune responses''’. For
intestinal serosa'®*'", their long-term performance on  example, ultra-low-biofouling zwitterionic hydrogels
the mucosa remains unclear. Limitations arise owing  can resist fibrotic capsule formation for at least 3 months
to the intermittent flow of bodily fluid and fast cellular ~ after subcutaneous implantation in mice, while pro-
turnover of mucosal epithelia'®. Janus hydrogel patches  moting angiogenesis in the surrounding tissue'''. These
with omniphobic luminal-facing surfaces demonstrated ~ features result partly from the more densely bonded
extended GI retention by repelling the food and fluid  hydration layers and less orientated water molecules
streams'?. Strategies that bypass mucosal epithelia by  in zwitterionic hydrogels than in traditional hydrogels.

Table 2 | Recently reported surface electrodes as minimally invasive, chronic sensor-tissue interfaces

Sensor Substrate Fabrication  Total Bending In-plane Electrical Interfacial Targeted organ
material material methods thickness stiffness stretch- conductivity impedance at (duration)
(um) (nNm) ability (%) (Sm™?) 1,000 Hz (Q)

Au (REF?%), Pt Polyimide’*, Photolitho- 0.4-1 ~5x10"-1 <10 9.4x10°(Pt), 10,000-60,000 Human skin
(REFS.”>"%) or SU-8 graphy, (REFS.7%73), 4.5%x107 (Au) (24 h)??°, rat brain
PEDOT-coated (REFS.7273:226) thin-film 30 (REF.?%9) (12 weeks)’?,
RHREEES) transfer mouse retina

(14 days)’>",

human cardiac
organoid culture

(40days)**®
W-coated Mg PLGA Photolitho- 250 15,000 <10 8.9x10°(W), NA Dog heart
(bioresorbable)’”” (bioresorbable)?”” graphy, 2.2x10 (Mg) (dissolved after
thin-film 4 days)*’
transfer
Au nanofibres’”®, Parylene C Electrospinning 0.1-0.5 ~0.1-1 30 2x10° 50,000 Human skin
Au nanomesh??’ (7 days)**, human
cardiomyocytes
culture (4 days)***
Conductive None Casting 100-500 ~1 200 (REF'®), 0.5 (REF*), 50 (REF'%), Rat brain and
hydrogel 1,300 (REE®) 2.6 (REF.'9) 10,000 (REE”)  heart (2 months)”,
adhesives’'" rat heart and
tendon (14 days)'*
PEDOT:PSS with PDMS?%%, Photolitho- 1-100 ~1x10°-0.1 20 (REF?*), 200 50 (REF?Y), Rat sciatic nerve
ionic liquid”*’, SEBS? graphy 100-150 (REFS.°%230), 6,000 (REF.?Y),  (2months)’, pig
with glycerol (for (REFS.°4217) 1x10* 50,000 (REF**%) heart (acute)”,
viscoplasticity)” (REF2Y) rat brain (acute)?’
and with
polyrotaxanes
(for enhanced
stretchability)**’
Hydrogel with PDMS Moulding 60-100 ~0.1 45 (REE?Y), 10 (REE*9) 5,000-10,000 Ratheart,
conductive and casting 1,000 (REF") tendon and brain
carbon fillers® (acute)’, rat brain
or PDMS with Pt and sciatic nerve
nanoparticles” (6 weeks)”!

NA, not available; PDMS, polydimethylsiloxane; PEDOT:PSS, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; PLGA, poly(lactic-co-glycolic acid);
SEBS, styrene—ethylene/butylene—styrene.
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A key challenge of using traditional zwitterionic hydro-
gels as sensor-tissue interface materials is their low
mechanical toughness, which can be addressed by incor-
porating another polymeric network, such as chitosan,
into the hydrogel'"*.

One of the limitations of using hydrogels as sensor—
tissue interfaces is the loss of mechanical toughness and
integrity caused by hydrogel swelling. Coatings made of
compatible elastomers can reduce the fluid uptake rate
of the hydrogel'"* and toughening can be achieved through
swelling-triggerable crosslinking of a second polymer
network'"" (FIC. 3¢). Another major challenge associated
with using hydrogels is the weak bonding of conductive
hydrogels to other device components, particularly to
commercially available metal electrodes and connec-
tors for establishing external electronic connections.
A promising solution involves using surface functionali-
zation chemistry to graft a hydrophilic adhesive layer onto
the target surface, which can then be strongly adhered
to the conductive hydrogel owing to the interpenetration
of the polymer chains'".

Biochemical sensing. Biochemical sensing in mucosal
environments poses additional challenges compared
with sensing on skin. For example, real-time sensing is
complicated by typically small analyte concentrations.
To amplify signals, MIE can learn from skin-interfacing
microfluidic systems that use long microfluidic channels
to allow sufficient volumetric contact between the analyte
and the electrodes with specific surface functionalization
for biomarker detection''®'"’,

Active sensor components must also withstand the
reactive environment, which can be challenging in
regions like the acidic stomach cavity. Promising solu-
tions include the use of waterproof interfaces, inspired
by the use of sweat collection interfaces made from
poly(styrene-isoprene-styrene) in SIE to withstand
swimming and showering'*, and the use of inher-
ently resilient active components, such as acid-resilient
sensing bacteria'”.

Additionally, biochemical sensors must maintain
selectivity for the target analyte, which can be achieved
by identifying specific electrochemical fingerprints using
aptamers that interact only with the target molecule'*.
Gas-sensing ingestible capsules have also been devel-
oped using membranes that effectively block out liquids
while enabling fast diffusion of gases such as H, and CO,
into the device”. This technology could potentially be
leveraged for the diagnosis of GI motility disorders'*' or
intestinal ischaemia'??, which are both associated with
changes in intestinal gas content. For liquid sensing,
membranes with high selectivity can be realized using
molecular imprinting, which moulds the membrane
pore structure around the analyte of interest'>. Although
molecularly imprinted sensors have not yet been used
for mucosal sensing, they have been effectively used for
both wearable and implantable applications'**.

Encapsulation and biofouling. Encapsulation materials
that insulate electrodes from the surrounding environ-
ment are crucial for extending the longevity of electrical
connections and minimizing sensor crosstalk. Nano-thin

inorganic films (such as Al,O,, HfO,, SiO, and SiC) offer
bending flexibility and demonstrate in vivo biofluid-
sealing abilities that are superior to those of their organic
thin-film counterparts such as polydimethylsiloxane'*,
but the presence of surface defects during oxide for-
mation leads to low fatigue resistance against the con-
stantly moving mucosal tissues. An interesting concept
is to exploit bio-inspired, nano-textured surfaces'* or
a layer of oil locked onto or within a rough and porous
elastomer matrix'*” as superhydrophobic barriers against
biofluid. Fluorinated synthetic oil has excellent barrier
properties against hydrochloric acid'”, suggesting that
it could be used for long-term encapsulation in low-pH
environments like the stomach.

Additionally, biofouling of sensors and device com-
ponents, which leads to signal drift or loss of function-
ality, is a particular concern in mucosal environments,
which regularly encounter exogenous debris'**. Beyond
the poly(ethylene glycol) and zwitterionic coatings com-
monly used to reduce biofouling, combinatorial screen-
ing approaches have also yielded promising candidates
for coating implantable biosensors, including certain
copolymers with acrylamide, which could be used in
the future to address biofouling in different mucosal
environments'”.

Modes of retention on the mucosa

Retention of MIE in a minimally invasive (without
surgery), safe (without perforation and obstruction)
and chronic (weeks to months) manner presents a
major hurdle owing to continuous cellular turnover,
the presence of mucus layers, intraluminal fluid shear
effects and organ motion'*. To extend retention, sev-
eral approaches exist that leverage modes of interaction
at different levels of proximity to the mucosa (FIG. 4).
Strategies capable of maintaining devices in direct con-
tact with the mucosa are ideal for accessing the myriad
signals, although long-term interfacing is challenging
owing to cellular turnover. In general, adhesive strategies
that incorporate mechanisms to penetrate the outermost
mucus layer and establish contact with epithelial cells
that have lower turnover rates will likely have optimal
performance for achieving both high signal fidelity and
chronic retention.

Mucus-adhering strategies. Several mucus-adhering
(mucoadhesive) materials have been developed that use
chemical and physical interactions to prolong reten-
tion on the outermost mucus layer (FIG. 4a), which is
a water-rich viscoelastic gel that comprises up to 5%
of the glycoprotein mucin®'. Typical mucoadhesive
mechanisms involve non-covalent interactions, such
as hydrogen bonding, hydrophobic interactions, elec-
trostatic interactions, mechanical interlocking and
interdiffusion of polymer chains; the efficacy of these
interactions also depends on surface properties, such
as roughness, and the ability to move water away from
the hydrated mucus interface'*'. Mucoadhesion can be
further strengthened through the formation of covalent
bonds, for instance, by reactions between alkene groups
and the thiol groups present in the cysteine residue of
mucin"’', or by incorporating microsized and nanosized
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Fig. 4 | Modes of retention on the mucosa. Different physical and chemical adhesive mechanisms (mucus-adhering
(part a), mucus-penetrating (part b), mechanical anchoring (part c) and luminal confinement (part d) strategies) lead to a
wide range of average retention times from minutes to months. In general, methods that penetrate or deplete the mucus
and interact directly with the underlying mucosa offer longer retention, but at the expense of increased invasiveness.

Luminal confinement provides the longest retention.

particles into adhesives to increase the surface area-to-
volume ratio of the mucoadhesive materials'**. Existing
mucoadhesive materials are primarily used for pro-
longed drug delivery at various sites of action, including
the nasal cavity'*, vaginal lumen'** and digestive tract
(for example, the oral cavity'*>'*°, intestinal lumen'?’'*
and colon'**!%"),

These mucoadhesive strategies can increase the
retention time of devices on the outermost surface of
the mucosa to several hours, which may be sufficient in
some cases to improve signal collection at the mucosal
interface. However, for theranostics that rely on chronic
retention on the order of weeks or months, surface adhe-
sion is generally insufficient owing to the relatively rapid
turnover of the mucus layer.

Mucus-penetrating strategies. To achieve both pro-
longed device retention and high signal fidelity, adhe-
sive mechanisms that penetrate the mucus to interact
with the underlying mucosal epithelium (FIG. 4b),
which comprises cell types with a much slower turno-
ver, are being pursued. The retention time and mucus
penetration depth of microparticles or nanoparticles
can be increased by engineering mucus-penetrating
particles, which are a type of nanoparticles with non-
mucoadhesive surfaces and particle diameters that
are smaller than the mucus mesh (for example, 20 nm

for the cervix and 500 nm for the stomach'*'). Mucus-
penetrating particles can avoid being trapped by the
innermost mucus layer and freely diffuse into deeper
mucosal epithelium, achieving longer retention time, for
example, 12-24h in the intestine and colorectum'*'*,
up to 36 h in the stomach'*, up to 24 h in vaginal folds'*
and up to 24h in the lungs'”. Animals that possess
unique body features'**'*” to enable adhesion in wet
conditions have inspired mechanisms to facilitate device
adhesion to the mucosa beneath the mucus layer. These
features include high-density, large-surface-area arrays
of nanoscale or microscale patterns, as has been used
in octopus-inspired suction cups'*® and gecko-inspired
micropillars'*>"*, which both require only mild pres-
sures to deplete the water-rich mucus layer and activate
intimate physical contact with the underlying mucosa,
and can be further functionalized with other mucoad-
hesives (for example, with mussel-inspired catechol
adhesives)'" to prolong retention. A potential advan-
tage of these systems is their compatibility with scal-
able fabrication technologies (such as moulding, spin
coating and drop casting), which yield standalone films
for subsequent integration with electronics in thin-film
configurations. On the macroscale, fabrication tech-
niques such as multi-material 3D printing have also
been used to create devices with bio-inspired adhesive
features, including a remora-inspired soft robot with
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hydraulically actuated silicone lamella that reversibly
adheres to wet surfaces'".

Mucus penetration and depletion can also be achieved
by manipulating the charge of the polymer chains to
drive their diffusion through the mucus layer. Tissues
typically consist of polycationic or polyanionic chains.
For example, the surface mucosa that lines the stomach
and intestines is predominantly negatively charged'>'*,
which facilitates penetration of positively charged poly-
mers so that covalent amide bonds can be formed with
the underlying mucosa'”>. However, the long diffusion
time (~30min)'* is not ideal for clinical translation.
Applying an external electric field accelerates this pro-
cess so that polyelectrolytes can penetrate the mucus to
the underlying mucosa within seconds'**. The surface
of inflamed colonic mucosa is depleted of mucus but
enriched with positively charged proteins; this allows
for inflammatory site-specific bonding of negatively
charged materials'>. Additionally, mucus can be phys-
ically expelled by using the strong magnetic attraction
between a magnetic hydrogel device and an external
magnetic field to anchor a device onto the GI mucosa of
living rodents for 7 days (REF."*°).

Microrobots and nanorobots made from zinc and
magnesium that self-propel in gastric and intestinal
fluids can also effectively penetrate mucus to enable
prolonged retention times of ~12h in the GI tract of
mice'””"*5, Compared with strategies that require the
application of an external field to drive penetration, this
approach benefits from autonomous locomotion driven
by the local chemical environment.

Mechanical anchoring systems. Beneath the mucus layer,
miniature mechanical anchoring systems enable min-
imally invasive device retention by gripping onto the
mucosa at millimetre-scale depths (FIG. 4c). For instance,
needle electrodes with hooked'™ or barbed'® tips can
achieve penetration depths of ~1 mm into the mucosa
using spring-based self-injection to establish robust
electrical paths into the underlying muscular layer.
A snake-skin-inspired, drug-delivering stent has achieved
penetration depths of up to 1 mm into the oesophageal
mucosa of swine models for localized drug delivery.
The in vivo and ex vivo potential of such an approach
to mechanically interface with the respiratory and vas-
cular lumen was also demonstrated'®’. However, the
long-term efficacy and safety of the stent device remain
to be evaluated. Another device, which was inspired by
GI parasites, autonomously latched onto the mucosal
tissue and remained in the GI tract of live animals
for 24 h (REF'®). Furthermore, endoparasitic worms
inspired a biphasic cone-shaped microneedle array with
700-um-long swellable hydrogel tips that facilitated nee-
dle insertion and mechanical interlocking with both the
skin and intestinal tissue'®’. The soft microneedle tips
enabled device removal without damaging or inflam-
ing the tissue. By coating the microneedle tips with
mucoadhesives, retention times in the mucosa could be
increased through a combination of mechanical inter-
locking and covalent bonding'*’. However, the long-
term stability and safety of these mucosa-penetrating
approaches require further evaluation.

Luminal confinement. Another strategy for long-term
retention involves devices and dosage forms that can be
geometrically retained within the confined lumens of
the mucosa-covered organs to prevent further passage
or expulsion (FIG. 4d). These forms include systems that
comprise elastic recoiling components'® or swelling
hydrogels™ that expand volumetrically once they are
introduced into confined spaces such as the stomach
and intestines'*° and potentially in bladders when deliv-
ered through urinary catheters. In the GI system, this
approach has enabled the integration of capsule-like bulk
sensors''*'*’ that can achieve gastric residence of up to
several months as opposed to conventional capsule elec-
tronics that transit within 24 h. Long-term retention in the
female reproductive system can similarly be accomplished
by leveraging well-established form factors like intrauter-
ine devices, which are already widely used for months-
long contraception. However, these systems are much
stiffer than the surrounding tissues, are macroscopic,
and can freely slide within enclosed mucosal cavities, and,
thus, are insufficient for continuous measurements that
demand a conformal sensor-tissue interface, such as
electrophysiological or strain recordings.

Localization and removal

Beyond establishing a robust sensor-tissue interface
with long-term retention, minimally invasive methods
for delivering and localizing devices to regions of inter-
est as well as removing devices after use are also chal-
lenging. Addressing these challenges is key to increasing
the detection accuracy and minimizing the burden on
patients to enable clinical translation and widespread use.

Localization. Physical access to the mucosa is more
challenging than with skin and usually requires invasive
procedures such as surgery or endoscopy. Ideally, MIE
insertion would use non-invasive routes that are rela-
tively routine for patients, such as ingestion (GI system)
or inhalation (respiratory). Once inside the body, the
ability to selectively target specific regions can increase
diagnostic accuracy. For example, the digestive tract dis-
plays regional pH variations, and capsule chemistry can
be readily manipulated by selecting different polymers
that dissolve in either the stomach (low pH) or intestines
(high pH)'®*. Enzymes with varying spatial distribution
in the digestive tract have also been harnessed for tar-
geting specific regions for device delivery. For example,
catalase is present in high concentrations in the small
intestine and can react with hydrogen peroxide to gen-
erate oxygen, which, in turn, initiates the polymerization
of dopamine into polydopamine. Oral delivery of dopa-
mine and hydrogen peroxide thus enables the selective
deposition of synthetic epithelial linings onto the small
intestine'”".

Other approaches exploit external energy fields
to non-invasively navigate and trigger devices within
the body. Static magnetic fields are considered safe for
humans even at relatively high intensities'®” and have
been exploited to manipulate microscale magnetic
devices for localized drug delivery'”’, biopsy'**'”' and
sensing'* in vivo. Functional nanoparticles that can
circulate systemically have been used to locally activate
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ion-channel-expressing, heat-sensitive neurons, mostly
in deep brain regions of rodents'’>'”*, by converting
incident magnetic or ultrasound fields into thermal
energy. To position devices within the GI mucosa, an
origami-inspired, magnetic-hydrogel-based ingestible
device was navigated using an applied external magnetic
field and deployed in specific locations on the gastric
mucosa to treat gastric ulcers'’*. Near-infrared light
can reach penetration depths of up to 7 cm in tissues
and has been used to remotely activate gas generation
from magnesium-coated, drug-loaded microdevices for
controlled propulsion in GI fluids'”.

Advanced imaging technologies'’>'”® have been
used in parallel with the techniques described above
to facilitate precise and closed-loop control during
in vivo device navigation. For example, a near-infrared
fluorescence-based imaging technique was developed
to localize magnetic microdevices within the GI tract'”’.
Microdevice localization has also been achieved using
built-in addressable radio-frequency (RF) transmitters
that function as magnetic spins, taking inspiration from
traditional magnetic resonance imaging. These miniatur-
ized transmitters (<0.7 mm?) encode their spatial infor-
mation by shifting their output frequency proportional
to the local magnetic field during a typical magnetic
resonance imaging scan with sub-millimetre resolution'”*.

Removal. Removing devices from the body traditionally
requires endoscopy or surgery, undermining the accessi-
bility and acceptability of the technique. Novel strategies
to remove long-term MIE without rehospitalization are
therefore crucial to expand their utility beyond the clinic.
For parts of the body with self-clearance functions (such
as the digestive tract), materials with triggerable disinte-
gration can be used to break down devices into smaller
fragments that can be naturally cleared from the body.
Endogenous triggers include physiological (for example,
changes in body temperature'””, local pH'® and enzyme
concentrations'”) and pathological (for example, the
presence of inflammation markers'*® or toxins'®') cues
that originate from within the body, whereas exogenous
triggers include applied heat'®, light'®, ultrasound'*
and electromagnetic fields'*>'*. For example, chemi-
cally triggerable hydrogel bioadhesives with cleavable
crosslinkers can form adhesive bonds with tissues that
can be subsequently detached when exposed to biocom-
patible chemical reagents, which could be ingested or
injected at the target site'”. Additionally, electroadhe-
sives demonstrate reversible adhesion upon the appli-
cation of an electrical field of the opposite polarity with
the same magnitude'™.

An alternative approach is to construct devices
made entirely from bioresorbable materials'®, which
completely dissolve after a preset period, leaving only
biocompatible degradation products that can be safely
absorbed by the body. Retention time can be roughly
tuned by selecting materials with desirable in vivo
dissolution rates, which can range from several hours
to multiple months, depending on both the material
and its biochemical environment. The most common
bioresorbable polymers rely on the hydrolysis of ester
bonds, although the rate of dissolution can depend on

whether degradation occurs through surface or bulk
mechanisms, which can be modulated by variables such
as molecular weight, crystallinity and hydrophilicity'®.
Structural and materials engineering strategies using
these materials enable the fabrication of bioresorbable
devices with the skin-inspired mechanical properties
that are needed to form low-impedance and robust

interfaces with the target tissues'®.

Communications and powering

Radio-frequency communications and power transfer.
Sensor data generated from MIE need to be downloaded
wirelessly in real time to maximize their diagnostic
potential. RF transmission is one of the most common
technologies for communicating with body-interfaced
electronics'*'"”!, but requires on-board antennae that
have dimensions of at least a quarter of the wavelength
of the RF signals; the optimal size of the antenna can
easily exceed several centimetres for RF signals in the
sub-gigahertz range'”. This size becomes impractical
when deploying such devices through the narrow tracts
that must be traversed to access the mucosa. To circum-
vent this issue, satellite-inspired foldable antennae'”
can be used to increase the transmission efficiency and
facilitate in vivo deployment. Additionally, near-field
inductive coupling'”* and ultrasound'” techniques
that exploit miniaturized antennae are being explored
for communicating with electronics located 5-20 cm
beneath the skin.

Batteries are generally unfavourable for body-
interfacing electronics owing to their bulkiness, safety
concerns and limited ability to support long-term oper-
ations. Wireless energy transfer using RF technologies
has been evaluated for powering battery-less electron-
ics interfaced with the gastric mucosa of swine, but the
wireless power transfer efficiency was reduced owing to
signal attenuation through tissue, limited antenna size
and poorly defined antenna orientation; a power transfer
efficiency of —36.1 dB was achieved using these ingest-
ible antennae at 1.2 GHz, corresponding to a power
level of 123 uW (REF.*). US federal regulations (such
as those introduced by the Federal Communications
Commission (FCC) and the International Commission
on Non-Ionizing Radiation Protection (ICNIRP)) give
limits on the maximum RF intensity that the human
body should receive, translating to a maximum trans-
ferable power of ~150 mW in typical electronics with
ingestible antennae'”’. Future efforts point towards hard-
ware innovations such as topological optimization of the
antenna configurations to enhance magnetic resonant
coupling'”, as well as software advances such as beam-
forming algorithms that focus energy onto implanted
devices'”’ to enhance wireless energy transfer efficiency.

Self-powered devices. Electronics that harvest energy
from endogenous and exogenous sources could address
the fundamental limitations of wireless power transfer.
SIE integrated with flexible and wearable energy har-
vesters have been developed that harvest power from
exogenous sources such as light*” and touch*’, and
from endogenous sources such as body heat*””>, human
motion®” and biofuels**. In mucosa-covered organs,
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self-powered systems can be realized by harvesting
mechanical energy from spontaneous organ move-
ments or chemical energy from biofuels. Small electronic
devices that can be entirely powered by GI peristalsis*”
or breathing movements”® have been demonstrated in
rodents. Biofuels rich in chemical energy, such as glu-
cose, urea and acids, are present in large quantities in
the digestive and urinary tracts; they can be converted
into electricity through redox reactions using galvanic
cells with the electrode pairs immersed in biofluid*”.
For example, acidic gastric fluid has been exploited as
an energy source for ingestible devices using zinc and
copper as electrode pairs. This mechanism yielded
a peak voltage of 0.5V and an average power density
of 23 uW cm™ for up to 1 week in swine, which was
sufficient to operate on-board temperature sensors,
wireless communication modules and drug-releasing
membranes™.

Outlook and conclusion

Opverall, despite the various materials and engineering
challenges, there are tremendous opportunities for MIE
to expand the current capacity of patient (and athlete)
monitoring, diagnostics and therapeutics. We expect
that the early efforts to commercialize MIE will be cen-
tred around transient acute diagnostic interventions
such as motility evaluation®®.

Most existing clinical techniques used at the inner
surface mucosa are minimally invasive but rely on bulky
and expensive instruments (such as radiography, com-
puterized tomography and blood panel tests), which not
only limits patient throughput and increases costs but
it also means that these techniques lack the ability to
perform continuous, unperturbed monitoring. As tech-
nology advances, MIE may one day complement or even
replace these diagnostic procedures to enable the eval-
uation of internal diseases in non-clinical settings, with
longer measurement durations, lower costs and higher
patient acceptance than present techniques.

Furthermore, with the continual development of bio-
chemical sensors that can withstand in vivo conditions
and track changes in microflora and hormones over
time, MIE may offer a way to quantitatively assess sev-
eral mental and neurodegenerative disorders that exhibit
correlation with altered mucosal biochemical content,
such as autism®”, depression'® and Alzheimer disease®'’,
without the need for the transcranial placement of
sensors in the brain.

MIE may also offer therapeutic opportunities that are
unachievable using existing SIE. Having easy access to
nerves and vasculature at or near the mucosa, MIE may
provide a superior platform for closed-loop neuromodu-
lation and therapy than that which can be achieved with
SIE. Future iterations of mucosa-interfacing systems
are likely to involve increased complexity in the form
of novel synergies with drug delivery, which is particu-
larly relevant for digestive MIE, as more than 90% of
drugs are currently administered orally for GI mucosal
absorption”'”. In general, the drug delivery field shares
many major goals with MIE. For instance, regional tar-
geting minimizes the off-target effects of active pharma-
ceutical ingredients®"” and long-term retention of drug

delivery devices increases medication compliance?'*.

Synergies with technologies that provide mechanical,
optical and electrical stimulation are also expected.
Therefore, there are tremendous opportunities for MIE
to provide not only continuous health monitoring but
also to deliver real-time therapeutic responses.

Several additional challenges need to be addressed
before the commercialization of MIE can be achieved.
First, to help ensure widespread acceptance of MIE in
the medical community, researchers should consider
potential safety pitfalls early in development. As many
mucosa-lined regions of the body continuously transit
material, such as digestion products (GI tract) or urine
(bladder), safe device designs should avoid the disrup-
tion of these natural transitory functions, which could
cause a medical emergency. Furthermore, although
potentially toxic materials, which are often found in bat-
teries and circuit components, can be shielded from the
body through encapsulation, the possibility of encapsu-
lant failure means that biologically benign materials and
materials generally recognized as safe by the US Food
and Drug Administration (FDA) should be used
to construct these devices. Meanwhile, although
research increasingly suggests that functional elec-
tronic materials such as liquid metals*”® and poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate?'®*'
are non-toxic in various biomedical applications, future
work should evaluate the biocompatibility of these mate-
rials specifically at the mucosal interface, which is con-
sistent with regulatory guidance*. Furthermore, prior
experience with FDA-approved systems known to safely
transit through the GI tract®” should be considered to
help inform the physical dimensions of future MIE
devices that interface with the digestive tract.

As this field develops, we anticipate that there will
be a move towards reducing direct human input, as has
been the case for SIE and other bio-integrated systems.
For instance, closed-loop drug delivery systems will ena-
ble more continuous and targeted therapies, and smart
systems for autonomous device deployment and removal
will broaden accessibility to patient populations in
regions without robust medical infrastructures®".
Researchers should recognize that it is almost impossible
to predict the full range of responses to a new technology,
and intervening in the case of a medical emergency can be
particularly challenging when devices are located within
the body. Coupled with rigorous de-risking in the appro-
priate animal models, like swine models for GI devices'®,
safety mechanisms that enable non-invasive external
interventions to mitigate unforeseen complications
should also be considered.

To establish correlations between biomedical data
and the presence of disease on both personal and popu-
lation levels, machine-learning-based approaches could
be employed to detect highly non-linear patterns within
weakly correlated data?'. Artificial intelligence algo-
rithms for noise detection?” and multitasking”**** can
also enhance the speed and quality of data processing as
the total number of sensors carried by a single person
continues to increase.
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