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ABSTRACT

Smart capsules are developing at a tremendous pace
with a promise to become effective clinical tools for

the diagnosis and monitoring of gut health. This field
emerged in the early 2000s with a successful translation
of an endoscopic capsule from laboratory prototype to a
commercially viable clinical device. Recently, this field has
accelerated and expanded into various domains beyond
imaging, including the measurement of gut physiological
parameters such as temperature, pH, pressure and gas
sensing, and the development of sampling devices for
better insight into gut health. In this review, the status of
smart capsules for sensing gut parameters is presented
to provide a broad picture of these state-of-the-art
devices while focusing on the technical and clinical
challenges the devices need to overcome to realise their
value in clinical settings. Smart capsules are developed
to perform sensing operations throughout the length of
the gut to better understand the body's response under
various conditions. Furthermore, the prospects of such
sensing devices are discussed that might help readers,
especially health practitioners, to adapt to this inevitable
transformation in healthcare. As a compliment to gut
sensing smart capsules, significant amount of effort

has been put into the development of robotic capsules
to collect tissue biopsy and gut microbiota samples to
perform in-depth analysis after capsule retrieval which
will be a game changer for gut health diagnosis, and
this advancement is also covered in this review. The
expansion of smart capsules to robotic capsules for

gut microbiota collection has opened new avenues for
research with a great promise to revolutionise human
health diagnosis, monitoring and intervention.

INTRODUCTION

The gastrointestinal (GI) tract has historically been
a region of intense interest for the assessment
of health. The diagnosis of gut disorders initially
relied on external observation via x-ray, endoscopy
and surgery until 1957 when two papers' * from
the same research group simultaneously reported
the development of a swallowable capsule, termed
an Endoradiosonde. The ingestible device could
sense the gut physiological parameters internally
and transmit the data through radio communica-
tion.> * One capsule reported the measurement of
pH, while the other reported the measurement of
pressure and temperature with a capsule size of 28
mm in length and 9 mm in diameter.' > Another
group of researchers in the same year reported the
development of a pressure measuring capsule with

" Ibrahim Al-Bahadly,” David G Thomas,® Wayne Young,*

a capsule size of 30 mm in length and 10 mm in
diameter.’

These advancements allowed the development of
similar sized capsules to sense different parameters
within the gut, but the detection of bleeding through
ingestible sensors remained a challenge. In the 2000s
a capsule endoscope was invented that used a small
camera to record a video to detect gut lesions.®” This
technology was approved by the US Food and Drug
Administration in 2001 and was followed by the
launch of a series of other commercial endoscopic
capsules.*™® However, these capsule endoscopes
neither controlled their motion (eg, by moving quickly
through sites of little/no interest or slowing their move-
ment at target-sites) nor accurately determined their
position hence still lacked efficient diagnosis potential.
These limitations were addressed by various locomo-
tion, anchoring and localisation techniques, but they
are out of the scope of this review, and are discussed in
detail in other papers.®® 11713

Furthermore, the commercial capsule endoscopes
that capture images of the gut lining have laid the
foundation for similar-sized smart capsules that can
perform monitoring, therapeutic and diagnostic func-
tions such as sensing'® '* and drug delivery'® ™ along
the GI tract.'"® There are various review papers on
the scope and development of medical devices for the
gut,> 12 1* 15 however, latest progress on sensing and
sampling capsule development have not been covered
in literature. In this review, recent advances in the
field of gut sensing and sampling devices are described
with a focus on understanding their benefits while
addressing the limitations of these devices.

The review starts with fundamentals of gut struc-
ture and physiology and details of gut microbiota.
Then it continues with smart capsules for sensing
different gut parameters and robotic capsules for
sampling gut. Finally, the review discusses potential
future avenues and implications of these capsules
for personalised medicine, personal diet and early
diagnosis of various gut diseases.

THE GI TRACT AND MICROBIOTA

The human GI tract is a 7-9 m long passage and in
an average human lifetime, around 60 tonnes of food
passes through it." The food is digested and absorbed
by the gut using a range of physical and chemical
processes. The gut mainly comprises four distinct
segments namely oesophagus, stomach, small intes-
tine and large intestine. The segments have different
pH levels, transit profiles, contain diverse chemical
compounds and follow unique behaviour to move food
through them, as outlined in figure 1. Any chemical or
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internally, which shows the daily response in each segment.'®

biological changes from normal within each segment can be used as
a biomarker for a range of health conditions. The unique features of
each of these segments is discussed in detail below.

Oesophagus
The oesophagus is a tube-like structure that connects the mouth
or oral cavity with the stomach. The food is chewed in the mouth
and broken down into smaller particles and mixed with saliva that
prepares the food for absorption. The food transits through the
oesophagus in a few seconds to the stomach where it stays for a
few hours depending on the type of food, activity level and fluid
intake. The oesophagus and stomach are separated by a sphincter
that allows passage of the food from the oesophagus to the stomach
while stopping the backflow of stomach fluid into the oesophagus.
Gastro-oesophageal reflux disease (GORD) is a health condi-
tion that produces irritation, heart burn and inflammation in the
oesophagus, if the oesophageal sphincter is not closed properly.?’
This allows stomach acid to enter the oesophagus creating acid
reflux episodes that may damage oesophageal tissue. Another health
condition affecting the oesophagus is achalasia in which the lower
oesophageal muscles fail to relax which restricts the passage of food
to the stomach.?! Furthermore, dysmotility is a dysfunction in which
contraction from the oesophageal muscles are impaired resulting in
imbalanced and uncoordinated peristaltic movement, leading to gut-
related diseases.”” The peristaltic movement of the oesophagus is an
important physiological process transporting food into the stomach
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(A) Human Gl (digestive) tract with each distinct segment of the gut identified.” (B) Temperature and gas profiles of the gut, measured

and any disorder can be harmful. Therefore, this region sometimes
requires monitoring to observe potential health problems related to
the upper gut.

Stomach
The stomach is a J-shaped, hollow and dilated part of the upper
gut that holds the food once it passes through the oesophagus.
The gastric glands of the stomach generate hydrochloric (HCI)
acid which maintains the pH at low levels (1-3.5 pH) that has
two main functions. First, it kills any unwanted bacteria ingested
with the food, and second, it starts the digestion of the food by
activating the digestive juices (enzymes), and breaking down the
mixture into a paste, known as chyme. The stomach wall secretes
the digestive enzyme in an inactive form (eg, pepsinogen), which
is activated by the acid into a functional enzyme (eg, pepsin).
The muscular contractions (peristaltic movements) from the
stomach wall blends the food and digestive enzymes creating
chyme, which is released in the small intestine, with the gastric
emptying time dependent on the type of food consumed.
Achlorhydria is a health condition that results from low gastric
secretions by the stomach glands.”* This leads to insufficient amounts
of HCI and digestive enzymes being produced which impairs food
digestion. Furthermore, gastric motility disorder is an impairment
that leads to gastroparesis in case of delayed gastric emptying or
dumping syndrome in case of rapid gastric emptying.”* > Therefore,
several parameters in the stomach require monitoring. First, the
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amount and time of HCI acid secretion from the stomach glands to
maintain the low pH, and the impacts of this on the digestion process
are very important components. Second, the gastric emptying time
is also extremely important for the digestion process and sometimes
requires monitoring for nutritional studies, and lastly, pH sensing at
various segments of the gut is critical to the diagnosis of gut-related
problems.

Small intestine

This is the largest section of the gut measuring about 6-7m in length
and has a diameter of around 25-30 mm. The small intestine is also
referred to as the small bowel and is further divided into three main
segments, that is, duodenum, jejunum and ileum. The duodenum is
the section nearest to the stomach and is the shortest of the segments.
This segment initially secretes sodium bicarbonate to neutralise the
acid contained in chyme from the stomach which increases the pH
level to around 7 (neutral level). This smooth section soon gives way
to more folded tissue covered with finger-like projections called villi,
which are further covered in microvilli that increases the surface
area. Duodenal tissue also secretes hormones to signal the release of
digestive enzymes to prepare the small intestine for nutrient absorp-
tion and generates peristaltic movements to push the chyme towards
the distal end of the gut, so the remaining food is moved to the next
segment, the jejunum. The jejunum is around 2.5 m long, and is also
covered with villi/microvilli that helps in absorption. Its main func-
tion is to absorb amino acids while moving the content further in the
ileum segment through peristaltic movements. The ileum is about
3 m in length and also contain villi/microvilli similar to duodenum/
jejunum. This segment helps bile acid to be absorbed by the host
along with fatty acids, glucose, fructose and glycerol.

The small intestinal region can be affected by a number of health
conditions that require diagnosis and treatment. Small intestinal
bacterial overgrowth (SIBO) can result is malabsorption, diarrhoea,
osteoporosis and nutritional deficiencies.” Furthermore, dysmo-
tility is a condition in which contraction from the intestinal muscles
are impaired resulting in imbalanced and uncoordinated peristaltic
movement, leading to gut-related diseases, for example, pseudo-
obstruction.”’” In addition, the release of gases due to fibre fermen-
tation, bacterial overgrowth in the small intestine, reduced digestion
or absorption of food nutrients (malabsorption) and abnormal (slow
or fast) movement of food through small intestine can indicate
various health conditions. Lastly, IBS, IBD and many other diseases
are linked to this region that require monitoring for diagnosis and
treatment purposes.

Large intestine

The large intestine or colon is the last segment of the gut and comprises
the caecum, ascending colon, transverse colon, descending colon,
sigmoid colon and rectum which is followed by the anus which is
the last connection of the gut in the body. The overall length is about
1.5 m, and it contains densely packed bacterial populations in order
of 10'°~10" organisms. The colon absorbs water and any remaining
nutrients from the digesta and short chain fatty acids produced by
microbial fermentation and excretes the residual undigestible food
(faeces) from the body. This faecal matter is used worldwide for the
diagnosis of various gut disorders, for example, detecting infections,
identifying bleeding disorders, determining poor nutrient absorp-
tion, diarrhoea, constipation and in colon cancer diagnosis.”® %

Gut microbiota

A huge population of microorganisms (bacteria, archaea and
fungi), collectively known as the microbiota, live inside the gut
and play a major role in fibre fermentation and the synthesis

of short chain fatty acids, and some nutrients (eg, vitamins).>

This population of microorganisms have been studied for a long
time, and numerous studies on the relationship between micro-
biota and human health reveal that the microbiota can act as
a biomarker for human health.>’ The human meta-organism
comprises bacterial colonies which include approximately 10"
prokaryotic organisms with a biomass of around 0.2 kg.**
Although the human microbiota is still not fully explored, it is
pertinent that it colonises the mucosa layer, which covers the
columnar epithelium of the GI tract and the digesta within the
intestinal lumen,*® as depicted in figure 2.

The knowledge of the relationship between the host and its micro-
biota has progressed significantly and suggests that the microbiota
is a crucial component of human health. Researchers are exploring
obesity, IBD, biochemical processes and diabetes with the help of
microbiota.**® It is considered that microbiota can be informative
of the health status over the life of the host and can even assist in
early diagnosis of diseases like cancer, obesity and diabetes.”* ** ¥
Furthermore, the analysis of microbiota can lead to improved treat-
ment of diseases such as ulceration, coeliac disease, Crohn’s disease
and IBS.** Microbiota can also help to study the relationship or inter-
action between nutrition and human health.**** Comprehensively, it
can be inferred that the human gut microbiota is greatly influential
to human health.

Recent research studies suggest that the microbiota can poten-
tially determine the mood, behaviour and several other charac-
teristics of the host.* The gut microbiota has been shown to
influence brain function and behaviour, and play a role in stress
and anxiety, depression and mental disorders.”™* Studies have
looked at the impact of microbiota on mood, and revealed that
the microbiota regulate emotions and cognition through the gut-
brain axis which is a bidirectional communication link between
the GI tract and the central nervous system.*®

Impact of microbiota on host health and the limitations of
sampling methods

Recent studies suggest the assessment of the human intestinal
microbiome can reveal negative impacts on host health from
some bacterial interactions with food. A study conducted on
40 human volunteers revealed that microbiota in the intestine
produce trimethylamine-N-oxide from phosphatidylcholine
(a chemical present in some foods), which has been shown to
contribute towards the physiopathology of heart disease.*” The
gut microbiota is an important tool to observe the effects on
physiopathological parameters and on controlling inflamma-
tion. Rodent studies have observed the impact of an increase in
bifidobacteria within the gut microbiota following consumption
of a high fat diet which induced diabetes, suggested that the gut
microbiota can be indicative of inflammation during the occur-
rence of diabetes and obesity.* A study also determined that
artificial sweeteners induced glucose intolerance by altering the
gut microbiota.”” Furthermore, the same group of researchers
revealed that dietary effects on individual animals were different
due to the response of their gut microbiota in a related study.®®

In general, obesity is co-related with the consumption of food.
Studies using rodent models have revealed that weight regain is
highly dependent on the gut microbiota,®* suggesting that the
weight regain phenomenon may be understood and resolved by
targeting the microbiota.

The changes in diversity of microbiota is prominent in early
life but gradually decreases with age,” and is also dependent
on various other factors like diet’®* and living conditions.’*
The human gut microbiome may contribute towards the

188

Rehan M, et al. Gut 2024;73:186-202. doi:10.1136/gutjnl-2023-3296 14

"ybuAdoo Ag parosioid 1senb Ag 20z ‘9 1890100 uo Jwod fwgnby:dny wouy papeojumoq "£zZ0z Jaquisldas Tz Uo $T96ZE-€202-ulnb/9eTT 0T St paysiignd 1s11y 1IN


http://gut.bmj.com/

Recent advances in clinical practice

Small intestine Colon
[ ] 4 1
- - o - L Sl it Sy
: : “’ : = : b N < .| .-’ .- D:c & :ojq.i‘ \..“\‘z ...‘> ﬂc.'d-ﬁ:.\‘ .:‘e‘ .i‘. H
D QUL Onl g b NS AT T KT S}
e & Voot Wt o\ L
Lumen g DL T Ol umen
: PN celi eaNedel? =5y %
e NoNe s 8 Seirs
o
% =% |Outer
mucus
villi layer
Inner
mucus
Mucus
! layer
20 Crypt
Crypt 4 YP
©
(o)
C(:) Basement.
9P membrane
] 5 Muscularis | )
Lamina % mucosa cell o Lamina
. S S . Yo re e e T == =
propia Bee=sse==———— =8~ ogFb=s o X propia
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development of several diseases including type 2 diabetes,’
metabolic diseases,’®*” arterial dysfunction,’® IBS** and cancer.®
A study using an unsupervised machine learning algorithm
without age information on available 16S rRNA sequencing data
from newborns to centenarians showed the ageing progression
of microbial communities.’ The compiled data identified 35
genera related to age progression and when compared with the
literature, they showed the loss of some beneficial genera and
indicated an increase in inflammation and cancer-related genera
in elderly subjects. Another study looked at the linkage between
ageing and gut microbiome, and identified distinct groups of
taxa that changed with ageing and discovered that the alterations
were different in healthy and unhealthy ageing.®*

The most common samples used as a proxy for intestinal
microbiota are faecal samples, as they are easy to collect non-
invasively and can be collected repeatedly from the same indi-
vidual. However, faecal samples are collected at the end of the
9 m long gut that restricts extraction of spatial and temporal
information from these samples as they are not collected from
the actual site of digestion.®® ®* This is a major limitation to
data interpretation since associating diseases to certain location
of the gut and site-specific treatment is not possible. This has
been demonstrated in animal studies that show major changes
in the intestinal microbiota are not always reflected in the faecal
microbiota.® Furthermore, the faecal sample is contaminated
downstream from the site of disease by subsequent microbial
populations and gut secretions during transit to the end of the
GI tract.®® ® Another method used to study gut microbiota is
by using flexible endoscopy with biopsy tools. However, biopsy
tools are designed to collect tissue samples, and they cannot reli-
ably capture microbial content. Hence, the current conventional
tools available to collect microbial samples from the intestine

159

without contamination have limitations. These methods are also
tethered which limits their reach into the small intestine and
the section of small intestine closest to colon (ileum) is a home
to a different population of microbiota to the hind gut.®® This
method also involves a risk of gut perforation and bleeding, and
the procedure is invasive and unpleasant for a patient.®~"!

In next sections, the latest methods used for sensing gut
parameters and the use of untethered tools for sampling the gut
microbiota are covered.

SMART CAPSULES FOR SENSING THE GUT

The wireless capsule endoscope (WCE), M2A, was developed as an
alternative to tethered endoscopes by Given Imaging in the begin-
ning of 21st century.® This WCE was a pill-sized capsule (26 mmx @
11 mm) that was swallowed and used intrinsic peristaltic forces to
move along the GI tract until it could be recovered from human
faecal waste. Through its passage, it captured images that were trans-
ferred wirelessly to a recorder, which were examined after the trial.”
Although this device assisted with diagnostic procedures, provided
ease and comfort to the patient as compared with tethered endo-
scope, the visual analysis provided incomplete information about gut
diseases. Therefore, subsequent similar-sized capsules with a wider
range of sensors as shown in figure 3 used to measure the physio-
logical, biological and chemical parameters are detailed below and
shown in table 1.

pH sensing

GORD producing irritation, heart burn and inflammation in the
oesophagus has been traditionally monitored though catheter-
based pH measurement tools which are uncomfortable and
restrict the daily activities of patients. A wireless Bravo reflex

Rehan M, et al. Gut 2024;73:186-202. doi:10.1136/gutjnl-2023-3296 14

189

"ybuAdoo Ag parosioid 1senb Ag 20z ‘9 1890100 uo Jwod fwgnby:dny wouy papeojumoq "£zZ0z Jaquisldas Tz Uo $T96ZE-€202-ulnb/9eTT 0T St paysiignd 1s11y 1IN


http://gut.bmj.com/

Recent advances in clinical practice

A

Screen printed electrode

Circuit cavity

% Rigid-flexible printed circuit board

Sensor cavity

Figure 3 Gut sensing devices for measuring various gut parameters. (A) alphaOne pH monitoring capsule by the Jinshan group” and (B) Bravo
reflex capsule by Medtronic’ are used to record acid reflux episodes to diagnose gastro-oesophageal reflux disease by attachment to the
oesophageal wall. (C) Heidelberg pH capsule for upper Gl tract use to determine achlorhydria by holding it inside the stomach.”® (D) SmartPill by
Medtronic to measure pH, temperature and pressure throughout the gut that can also generate a transit profile.®" (E) Laboratory prototype to
measure pH.¥’ (F) Atmo Gas Capsule by Atmo Biosciences to measure gases from inside the gut that simultaneously generates the gas profile (results)
on a phone application.'’? (G) VitalSense by Philips Respironics”” and (H) eCelsius by BodyCap® used to measure core body temperature. () Capsule
prototype to measure peristaltic pressure.'® (J) Capsule to measure gases in the gut.'®

capsule (Medtronic, USA)"? overcame these limitations by
attaching the capsule to the oesophageal wall using an endo-
scope and continuous pH monitoring became possible for
several days.”? 7* Recently, Jinshan group (China) launched the
alphaONE pH monitoring capsule (26.5 mmx6 mmx 5.5 mm)”®
as shown in figure 3A that was formerly known as JSPH and had
proven its efficacy for patients with GORD in clinical trials.”® "
The wireless capsule technology showed similar results to the
traditional catheter while improving the feasibility and safety for
performing GORD tests.

An insufficient amount of HCl in the stomach due to low gastric
secretions results in achlorhydria that can be detected by a Heidel-
berg pH capsule (Heidelberg Medical, Germany),”® a method
invented in 1960s.” The Heidelberg pH capsule is used in the upper
GI tract and is held in the stomach using tethered methods, that is, a
thread is attached to the capsule that is tied outside mouth, to contin-
uously measure the pH level while sodium bicarbonate is introduced
in the stomach to neutralise the gastric juice.®’ Afterwards, the time
taken by the gastric secretions to convert the gastric juice from a base
to acid nature is used to determine the health of the patient. This

capsule is a unique tool for detecting achlorhydria by measuring the
acidic content in the stomach which can impair the food digestion
process.

The normal pH level of distinct segments of the GI tract changes
with the development of some Gl-related diseases (eg, ulcer, UC,
Crohn’s disease, GORD), that require pH monitoring of the whole
GI tract and wireless capsules are best suited to monitor such situa-
tions. A commercial capsule SmartPill (Medtronic, USA)*! measures
the pH of the entire gut along with temperature and pressure
measurements, and offers an alternative to gastric emptying scintig-
raphy (GES) for measuring gastric emptying times. It has been used
to determine the complete transit profile of the GI tract including
small and large bowel transit times to help treat patients with chronic
constipation.?*** Another commercial capsule IntelliCap (Medimet-
rics, The Netherlands),** used for drug delivery, has also been used
to determine the transit times of the whole gut by measuring the pH
and temperature in humans and animals.® % The capsule technology
offers significant benefits over traditional GES method as the capsule
generates complete transit profile of the gut and the method has not
reported any after-effects on gut motility (peristaltic movement).
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Table 1 Sensing technologies using smart capsules

Sensing parameters
Name Dimension (mm) pH Temperature (°C) Pressure (mm Hg) Gas Evaluation
Bravo’ 25%6x5.5 1-7 NA NA NA CA, in vivo
alphaONE” 26.5%6x5.5 1-9 NA NA NA CA, in vivo
Heidelberg’® 21x0 8 1-8 NA NA NA CA, in vivo
SmartPill®" 26.8x0 11.7 0-9 25-49 0-350 NA CA, in vivo
eCelsius® 17.7x@ 8.9 NA 25-45 NA NA CA, in vivo
VitalSense” 23x0 8.7 NA 32-42 NA NA CA, in vivo
CorTemp*® 22.4x210.9 NA 10-50 NA NA CA, in vivo
myTemp® 20x0 8 NA 30-45 NA NA CA, in vivo
IntelliCap®* 26.7x@ 11 1-8 20-40 NA NA CA*, in vivo
BEST® 38x8x4 1.9-12 NA NA NA LP, in vivo
Cheng et al*’ 26x@ 14.5 1-9 NA NA NA LP, in vivo
Xu et al® 26x0 11 0-14 35-42 95-110 NA LP, in vivo
Zhao et al” 22x0 11 1-10 34-42 70-150 NA LP, in vivo
Benken and Gianchandani'® 24x0 12 NA NA 0-262 NA LP, in vivo
Kim et a/'"”’ 30x0 13 NA NA 0-1103 NA LP, in vivo
Rehan et a/'® 30x@ 12 NA NA 0-265 NA LP, ex vivo
Kalantar-Zadeh et af'® 26x3 9.8 NA Yes NA Yes LP, in vivo
Atmo Biosciences'"? 28x0 11 NA Yes NA Yes CA, in vivo

CA*, discontinued; CA, commercially available; LP, laboratory prototype; NA, not available.

Some prototypes tested in vivo to measure pH have also been
reported in the literature. A recyclable smart capsule prototype
has used an iridium oxide-based sensor to precisely monitor the
pH in a beagle dog study, however, the overall size was slightly
bigger and battery life was shorter than commercial capsules.®’
A battery-less prototype has also been used to determine acid
reflux episodes from a pig’s oesophagus and performed well
when compared with the Bravo capsule in similar in vivo experi-
ments.®® Another capsule prototype tested in humans monitored
pH with a high resolution of 0.001, in addition to measuring
temperature and pressure.”” The improved design with better
power consumption of sensors allowed the device to measure
gut parameters for almost 10 days.”®

Drug absorption is highly dependent on transit times which
vary from animal to animal and depend in turn on feeding rate
and time. Therefore, pH sensing throughout the gut using the
Bravo capsule has been performed to determine individual
(stomach, small intestine, large intestine) transit times, with the
capsule allowed to pass through the gut instead of being attached
to the oesophageal wall.”!

The pH measurement of different segments of the gut can now
be accurately and precisely measured with smart capsules, which
can help diagnose abnormal conditions and assist in generating
transit profiles that are useful tools in gut health diagnosis. The
smart capsules for pH sensing can assist in better understanding
of diseases like GORD,? inflammation, achlorhydria,®® ulcer,
UC, Crohn’s disease, chronic constipation, diarrhoea?” and has a
potential to replace some of the traditional methods. These smart
capsules sometimes embed a temperature sensor to measure the
core body temperature and specifically to determine the time of
excretion of the capsule from the body.

Temperature sensing

The normal body temperature of a healthy human is 37°C and
when the body loses more heat than it generates, this condition
leads to hypothermia when the core (internal) body tempera-
ture falls below 35°C. Conversely, if the core body temperature

increases above 40°C, it leads to hyperthermia and can result in
heat stroke that could be life threatening. For hypothermia or
hyperthermia, temperature monitoring is extremely important
and can help in determining safe and appropriate treatment.””
For accurate monitoring of the core body temperature, the gut is
a promising candidate as sometimes axillary (outside) tempera-
ture readings via thermometer or contactless infrared pyrometer
are inaccurate.”® ** Therefore, measurement of the core body
temperature through ingestible devices like smart capsules which
continuously measure the gut temperature can be more accu-
rate when compared with other methods.”* Other applications
include the monitoring of internal body temperatures of athletes
continuously while they are training or performing as the core
body temperature changes with exercise intensity and activity
time which is useful in determining optimum performance level.”

A commercial ingestible capsule (eCelsius) measured the core
body temperatures of athletes during the road cycling world
championship.” The temperature of 25% of the athletes was
recorded above 40°C (with the highest individual measurement
of 41.5°C). Although none of the athletes were treated for heat
stroke (hyperthermia), it is likely that their performance was
affected.” Several commercial capsules are available to measure
the core body temperature such as eCelsius (BodyCap, France),’®
VitalSense (Philips Respironics, USA),”” CorTemp (HQ, USA)*®
and myTemp (myTemp, The Netherlands).”” A study compared
the accuracy and responsiveness of four commercial capsules
(eCelsius, VitalSense, CorTemp and myTemp) and showed small
differences across the tested capsules.’® Another study on eight
participants compared the performance of eCelsius and myTemp
capsules by measuring the rectal temperature simultaneously
during and after the exercise. The myTemp device showed better
performance while the eCelsius had an average systematic error
of about 0.2°C, which could be eliminated by calibration of the
capsule before the trial.'°! Smart capsules that measure the core
body temperature are more accurate than existing instrumenta-
tion and can perform measurement during exercise, which is not
possible with traditional methods.” !
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One of the functions of the gut through which the temperature
sensing smart capsule transits from one segment to the next and
eventually is excreted from the body is peristaltic movement. Peri-
staltic movements apply a diverse range of forces, and sometimes
these can be measured to diagnose potential health problems.

Pressure sensing

The food moves from mouth to the stomach through the oesoph-
agus using peristaltic movement to push the food in a distal direc-
tion. Achalasia is a condition in which lower oesophageal muscles
fail to relax which restricts the passage of food to the stomach.
Oesophageal manometry is traditionally performed using teth-
ered devices to monitor the oesophagus for movement of food
towards the stomach by measuring the pressure applied by the
peristaltic movements.”! A wireless capsule (24 mmx@ 12 mm)
has measured the peristaltic pressure in a beagle dog for 26-hour
period, which showed that a smart capsule can be used for long-
term monitoring as opposed to tethered devices.'®* Another
capsule prototype with better sensor power consumption allowed
measurement of gut parameters including peristaltic pressure
through a full gut transit, with the authors claiming that the smart
capsule had a battery life of 233 hours.”® Another group tested a
capsule prototype in 24 human subjects which monitored peri-
staltic pressure with a maximum error of 0.15 kPa and an 80%
success rate in detecting poor gastric motility in the tested patients,
along with measuring temperature and pH.' Smart capsules that
measure the peristaltic pressure of the oesophagus allows health
practitioners to assess disorders of the lower oesophageal muscles,
providing a better diagnosis.

Dysmotility is a dysfunction in which contraction from the
intestinal or oesophageal muscles are impaired resulting in
imbalanced and uncoordinated peristaltic movement, leading
to gut related diseases. For monitoring the manometry of the
entire gut, a few commercial capsules are available, for example,
the SmartPill motility capsule and the Bravo capsule.”? ' A
capsule prototype tested in both healthy and constipated subjects
revealed that the colonic contraction in normal patients was
significantly higher than the patients with constipation which
resulted in the chyme (food residue) staying longer in the colon
of constipated patients and higher absorption of water leading to
dryer stools and more difficult defecation.’®

The pressure measured by commercial capsule, for example,
SmartPill, Bravo and other laboratory prototypes mentioned
earlier, is intraluminal pressure that is the cumulative pressure
within each distinctive region (eg, stomach, small intestine, large
intestine) and is different from peristaltic forces so provides less
information on the amount and frequency of peristaltic contrac-
tion. A prototype used two Micro Electromechanical Systems
(MEMS)-based sensors to nullify the impact of intraluminal
pressure and removed the disturbances from breathing and
heartbeat signals of live subjects, hence successfully estimated
the peristaltic contraction forces.'® 1% In another paper, peri-
staltic forces were measured using a force sensor that provided
real-time information on gut motility including contraction
frequency and the amount of peristaltic forces generated by the
intestines for better diagnosis of the gut health.'%

Another application area for pressure sensing capsules is the
estimation of transit times through distinct sections of the gut,
for example, oesophagus, stomach and colon. A capsule proto-
type used MEMS-based pressure sensor to measure the intralu-
minal pressure of the gut, determined that the pressure in each
region represented different cumulative pressures so pressure
signals could be used for estimating transit times.'"’”

Smart capsules with pressure sensing capability provide
a viable solution for the diagnosis of gut disorders (eg, acha-
lasia and dysmotility) as they offer accurate information on gut
motility, for each distinctive segment of the gut that is a crucial
factor used to determine overall gut health. These capsules can
also be used to determine transit profiles which are helpful in
determining the digestion and absorption that provide better
insight of the gut health.

Another way to determine the transit profile is by sensing the
gases throughout the length of the gut as each segment generates
different types and quantities of gases.

Gas sensing

Gases are present inside the gut partly because of swallowed air,
but other significant sources are fibre fermentation, bacterial
overgrowth in the small intestine, reduced digestion or absorp-
tion of food nutrients (malabsorption) and unnatural (slow or
fast) movement of food through small intestine. These gases are
key in detecting various gut-related disorders like IBS, carbo-
hydrate malabsorption and SIBO. The current gold standard is
breath testing as it is easy to perform and non-invasive, but it
does not provide any information about the origin (point of gas
generation) of the detected gases.'”® A hydrogen sensing capsule
was developed to overcome the limitations of breath tests and
tested in vivo in a pig model as a proof-of-concept demonstra-
tion.'”” The sensing parameters were then extended to include
the measurements of methane and carbon dioxide gases.''
Finally, the gas-sensing capsule with the capability to measure
oxygen, hydrogen and carbon dioxide was tested in human
subjects and gathered precise information on the origin of the
gas generation which was unable to be obtained by a breath
test performed simultaneously in human subjects.'® "' The
Atmo Gas Capsule (Atmo Biosciences, Australia)''? as shown in
figure 3F was tested in humans and compared with the Smart-
Pill Motility Capsule (Medtronic, USA)®! to generate gut transit
profiles.'"

An important parameter considered in gut health diagnosis
is accurate digestion and absorption measurement, which is
assisted by gas-sensing smart capsules that provide accurate
measurement of gut performance.

ROBOTIC CAPSULES FOR SAMPLING THE GUT

The study of gut microbiota is gaining massive attention due to
its significant impact on human health. The gut microbiota is an
important factor in human health, and it can act as a biomarker
for early diagnosis of diseases like diabetes, cancer and obesity.
The gut microbiota can also be used for better identification of
IBD, ulcer, coeliac disease, Crohn’s disease and IBS. The current
gold standard for collecting a sample of gut microbiota is faecal
sampling but it is highly contaminated, and it is not possible to
localise faecal samples which means it is not possible to associate
a particular disease to a certain location within the 9 m long gut.
The microbiota contains a depth of information that cannot be
fully captured by smart capsules through sensing or imaging, so
robotic capsules are being developed to collect samples from the
gut to allow detailed examination after capsule retrieval. Devices
that can collect a sample from the gut are divided into two broad
categories. First, biopsy devices that can collect a small tissue
sample from the gut wall, and second, sampling devices that can
collect gut content-based (fluid) samples which contain digesta,
mucus, microbiota and exfoliates.
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Biopsy devices for tissue sampling

Due to the limitations of tethered endoscopy with biopsy tools
in terms of their reach into the gut and risk of gut perforation
and bleeding, robotic capsules were developed to perform tissue
biopsy. In 2003, a patent application proposed a wireless capsule
system to collect a biopsy specimen in a biological body using
microspectroscopy and/or biosensors.!™* This capsule contained
two motorised blades to capture solid tissue or a liquid specimen
that could be stored in two dedicated compartments to avoid
contamination until its recovery. Another design consisted of a
razor connected to a torsional spring was proposed that triggered
the biopsy process by melting a paraffin block which allowed the
razor to rotate at high speed with the help of torsion spring to
capture a tissue sample.'’’ Both approaches required the capsule
to be in close contact (almost rubbing) with the intestinal wall
to capture the tissue. To allow this to occur, a magnetic biopsy
capsule was used and an external magnet held the capsule’s
lateral hole against the intestinal wall while a cylindrical razor
blade cut the tissue with magnetic actuation.''® However, this
design lacked a triggering mechanism to effectively locate the
target-site. Therefore, a design with a micro reed switch that
triggered the biopsy process based on external magnetic field
was presented that included an elliptical hole to affix the target
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arget tissue
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Biopsy module
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tissue and a spiral spring to produce the rotational force.'” Once
the capsule reached the target-site, the reed switch was triggered
by an external magnetic field that heated a shape memory alloy
(SMA) spring. This resulted in the cutting of a special polymer
string which allowed the torsional spring to rotate the biopsy
cutting tool, hence collecting the affixed tissue from the elliptical
hole.

The biopsy tools that remained inside the capsule shell could
not guarantee tissue collection despite the external magnetic
holding mechanism, therefore some designs were presented that
actively moved the tools outside the capsule shell to ensure tissue
collection as shown in figure 4. A motor with a rack and pinion
gear system moved a biopsy tool (forceps with barbs) from inside
of a capsule shell to biopsy, but this compromised the limited
power available to the capsule endoscope to perform usual
imaging tasks.''® Another device used two ring-shaped perma-
nent magnets to move the biopsy forceps outside the shell to
actively cut intestinal tissue.'” An SMA actuator was used to
project a biopsy razor out of the capsule shell once the capsule
was at the target-site, then the rotating magnetic field rotated the
capsule prototype helping the razor to cut the tissue from the gut
wall and finally two restoration magnets were used to bring the
cutting tool back inside the capsule shell to secure the sample.*

Figure 4 Tools for tissue biopsy. (A) Cylindrical razors to cut a targeted tissue sample.'?® (B) A barb-based design to penetrate the gut wall to
extract a tissue sample."* (C) A scissor-shaped razor to clamp tissue inside the jaws."?! The razor used magnetic actuation to eject from the capsule
shell and cut the targeted tissue with scissor motion that could be visualised with the camera module. (D) The elaboration of tissue extraction method

using the scissor-shaped razor.'”’
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However, the two magnets used for restoration of the biopsy
module to bring the ejected blade back inside the capsule, were
too large and did not allow a telemetry system for triggering
the biopsy process to fit inside traditional endoscopes. Another
design used a gear-assembly to move forceps-style blades in and
out of the capsule shell as shown in figure 4C that allowed the
biopsy system to fit inside a traditional endoscope.'!

All these designs presented a biopsy tool, and some also
included a triggering method but most of them lacked locomo-
tion to help the capsule reach the target-site. A biopsy capsule
with an active locomotion mechanism that could move flexibly
within the gut and extract a tissue sample with rotating blade
mechanism from the target location by magnetic actuation was
presented.'?? Later, this research group modified the blade design
with a retractable biopsy punch to fit inside a traditional endo-
scope so the biopsy procedure could be effectively performed
with visual aid from the camera module.'*

Some designs considered obtaining a biopsy sample from the
mucosa layer, as superficial collection from the epithelial layer
was not sufficient for in-depth microbiota analysis. A unique
design of a micro-spike with barbs was proposed as shown in
figure 4B that was triggered by heating an SMA wire that moved
the micro-spike outside the capsule shell by a slider crank mech-
anism with a torsion spring used to penetrate into the mucosa
layer.** The barbs helped to tear the biopsy samples which was
then stored inside the capsule to avoid contamination. Another
capsule captured a fine-needle aspiration biopsy, and was trig-
gered with a magnetic actuation that squeezed the capsule
allowing a sharp hollow needle to penetrate into the mucosa
layer to obtain a sample, which was not explored previously by
the earlier biopsy capsules.'® 12

One of the challenges for most of the biopsy capsules is
the lack of control of their motion as they rely on peristaltic
forces to reach the target-site and stopping the capsule at the
target-site is not possible. Some of the designs used an external
magnetic field to anchor the capsule at the target-site but
this increased the complexity and cost of the overall system
while the capsule anchoring could not be precisely controlled.
A complete solution with a tissue monitoring module using
a camera, anchoring module using SMA springs to stop the
capsule at the target-site and a biopsy module using two cylin-
drical razors and a spiral spring to extract the tissue did show
clinical promise.*® However, the capsule required further
miniaturisation as it was oversized for in vivo testing and
supplying the power to all modules was challenging as the size
of the battery was too big to fit inside a swallowable capsule.
Another capsule used a single magnetic actuator to drive both
the anchoring mechanism and biopsy spike tool using a ratchet
mechanism to overcome the power limitations, but intestinal
trials are yet to be realised.'”’

In order to collect biopsy samples from the stomach, a
magnetically actuated capsule was developed that released a
large number of temperature-sensitive microgrippers that self-
fold themselves due to a change in temperature.'*® The capsule
then collected the microgrippers with an adhesive patch using its
camera module.

The biopsy devices are promising tools for collecting tissue
samples from the gut wall and they can overcome the limitations
of tethered devices by accessing the entire gut. The biopsy tools
are used with locomotion and localisation mechanisms to effi-
ciently capture the target tissue. However, these devices cannot
be used for sampling the gut microbiota as they cannot capture
content-based samples.

Sampling devices for content-based sampling

Patent applications

The development of tools for sampling the gut contents are
gaining attention based on the impact microbiota have on human
health and the amount of information microbiota can reveal.
The promising benefits of sampling devices for the collection
of gut microbiota has resulted in many patents with an intent
to produce a commercial device. A patent filed in 1957 which
was later published in 1962, intended to track a capsule through
X-ray to determine the target-site and to open an inlet through
radiant energy from outside of the subject, to collect a sample.'*
However, this design did not specify how to protect the sample
from downstream contamination, that is, if sealing the sample
storage compartment completely was not possible then samples
from other locations further down the gut may continue to enter
the storage. Another patent suggested the use of a low melting
point spring that could be heated from outside the host using
an electromagnetic field, hence detaching the spring which then
opened the chamber for sample collection.*® The spring was
connected to a piston inside a slider that allowed the piston to
move to the other end once the fluid chamber was filled, which
closed the inlet of the chamber and secured the sample from
contamination. Another patent proposed to use an ether-filled
bellows inside a capsule that could expand on heating from
an external electromagnetic field resulting in collection of the
surrounding fluid, with the capsule returned to its original posi-
tion once the magnetic field was removed which secured the
collected sample. "

Most of the designs used separate opening and closing mech-
anisms, hence making them complicated. Second, a lot of the
capsules were designed for one-off use, which increased the
overall cost and reduced sustainability. Therefore, SMA mate-
rials were introduced that allowed the reuse of capsules multiple
times. An SMA spring was latched inside the capsule chamber
which was compressed when the temperature was changed by
passing electric current through the spring that allowed the
chamber to sample content from an orifice."**'** Another design
with a rotatable mechanism was based on twisted concentric
cylinders that used an SMA polymer which were heated to open
apertures on the circumferential wall, allowed the surrounding
fluid to enter the capsule.”*® The device moved back to its
original position when heating was stopped which secured the
collected sample from contamination. Another patented design
used an SMA polymer for the inlet (door) of the capsule.'®* The
SMA polymer shape was designed to block the outside fluid
from entering the chamber. When the SMA polymer was heated
using induction heating, it allowed the outside fluid to enter the
capsule, once heating was stopped the polymer returned to its
original shape which secured the sample inside the chamber and
avoided cross-contamination.

However, most of these designs required a strong external
(magnetic or electromagnetic) field to trigger the sampling
process which required an expensive external setup. Therefore,
some internal triggering mechanisms have been proposed that
rely on internal resources from within the capsule device. One
capsule used wireless communication to trigger a set of spring-
loaded concentric cylinders that were joined with a meltable
thread.'*® The wireless receiver was used to ignite the heater that
melted the thread and allowed the spring to open the concen-
tric cylinders which in turn collected the sample via suction
from a small inlet. This capsule was designed for one time use,
while another patent proposed a wireless triggering mechanism
that used a motor to open the sampling chambers. The capsule
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Table 2  Sampling devices to collect gut microbiota samples

Name Dimensions (mm) Storage capacity (uL)  Type of sampling  Actuation mechanism  Target location Evaluation

Cui et al"* 30x® 10.2 262 Active Motor Sl LP, in vivo

Yaw et al'¥ 31xd 11 83.8*3 Active Motor Sl Unspecified

RSS capsule!*® 1% 31xd 11.6 - Active Motor Sl and colon CP, in vivo

Du et al™® 20xD 14 300 Active Vacuum suction S| LP, benchtop experiments
MSCE"™' 32xD 11.6 400 Active Vacuum suction S CP, in vivo

Osmotic pill'* 21.6xD 7.6 120 Passive - Sl and colon LP, in vivo

IMBA capsule'' 26.1x® 9.9 74 Passive Spring loaded latch Sl LP, in vivo

Salem et al'* 26.1x® 9.9 200 Passive Sponge SI LP, benchtop experiments
Hydrogel capsule' 4 15x® 9 282.7 Passive Hydrogel S| LP, ex vivo

Hydrogel capsule'*® 15%® 9 282.7 Passive Hydrogel Colon LP, in vivo

BCMAC'™? 11xD 8 42 Active Magnets SI LP, in vivo

Diller et a/'>* 26xD 12.4 1500 Active Magnets Sl LP, ex vivo

Park et al"* 26x®d 11 15*3 Active Magnets SI LP, ex vivo

Finocchiaro et a/'>® 30.5x® 11.5 261*2 Dynamic Magnets Sl LP, benchtop experiments
Rehan et a/'*® 30x® 12 500 Dynamic SMA springs SI LP, ex vivo

Rehan et a/'*® 45x® 12 250 Dynamic SMA spring Sl LP, ex vivo

*Indicates multiple compartments.

.BCMAC, blindly controlled magnetically actuated capsule; CP, commercial prototype (awaiting US Food and Drug Administration approval); IMBA, intestine microbiome
aspiration; LP, laboratory prototype; MSCE, magnetically controlled sampling capsule endoscope; RSS, recoverable sampling system; SI, small intestine; SMA, shape memory alloy.

consisted of two motorised blades to capture solid tissue or a
liquid specimen that could be stored in two dedicated compart-
ments to avoid contamination until recovery.''*

The embedded designs that incorporated both sampling and
triggering mechanisms inside the capsule, left less capacity for
the sample storage itself. Therefore, a simplified design was
proposed that collected the content from the intestine with both
active and passive mechanisms.”” The capsule had a vacuum
compartment with a seal which could be dissolved by a chemical
reaction when the target location was reached. For the active
mechanism, the compartment opening was covered by a magnet
which was displaced using an external magnetic field. However,
neither the active nor passive mechanisms proposed, defined
any method to close the compartment to stop downstream
contamination so targeted sampling was not possible. Another
patent proposed using a fluid-sensitive membrane to cover the
inlet of the chamber which was dissolved by interacting with the
stomach or intestinal fluid and allowed the accumulation of a
sample inside the chamber. The inlet then got closed by a spring-
operated valve that blocked the orifice once the chamber was
filled with fluid."*® Wrigglesworth et al proposed an extendable
mechanism to collect digesta from the ileum (small intestine) of
animals to study nutrient absorption and digestion, the capsule
had a mechanism to extend from the centre at the target-site to
collect a sample size up to 1.5 mL."*’

Commercial and laboratory prototypes

The laboratory prototypes of sampling devices that have been
developed, as shown in table 2, can be classified into three major
types. First, uncontrolled or passive sampling devices, as shown
in figure 5, that activate the sample collection by dissolving the
covering (enteric coating) over an inlet via a chemical reaction or
any other method."*** Second, controlled or active sampling
devices, as shown in figure 6, that trigger the sampling process
through wireless control (electronic or magnetic) to collect a
sample at the target-site.**"** Third, dynamic sampling devices,
as shown in figure 6B and H, that focus on collecting the micro-
biota from gut lining for in-depth analysis when the capsule
reaches the target location.**"%® The passive and active sampling

approaches mainly collect the digesta fluid from the lumen only,
whereas the dynamic sampling devices collect samples from both
the lumen and intestinal wall.

Passive sampling capsules

The passive sampling capsule prototypes as shown in figure 5 mainly
used an enteric coating that was dissolved at the target-site to collect
a sample. An osmotic pill with four helical channels connected to a
semipermeable membrane was developed that constantly passed the
surrounding fluid through the channels while the membrane blocked
the microorganisms inside the channels.'*” The pill was coated with
a pH-sensitive enteric coating to avoid interaction with gastric juice,
and the pill started sampling after the covering was dissolved in
the small intestine. However, the sampling continued until the pill
reached the colon as this design did not consider sealing the inlets.
Another capsule prototype used a gelatin coating that dissolved in
the small intestine and the inside chamber contained a hydrophilic
fibre that absorbed the intestinal fluid."*! The capsule used a spring-
loaded latch that dissolved in 30 min and moved a piston to block the
chamber inlet which secured the sample from cross-contamination,
as shown in figure 5D. Similarly, another capsule prototype based on
a bistable mechanism also used an external enteric coating to protect
the capsule from sampling inside the stomach.'** Once the capsule
reached the small intestine, the outer covering was dissolved which
exposed the inlet channel and allowed the chamber to fill with the
surrounding fluid. A twofold mechanism was designed to hold a
sponge inside the chamber which swelled after absorbing the intes-
tinal content and triggered the bistable mechanism to close the orifice
as shown in figure SE, hence sealing the capsule from further collec-
tion. Another capsule prototype presented by Waimin ez al proposed
a passive sampling capsule whose enteric coating was dissolved at
the target-site (small intestine) and allowed the surrounding fluid to
fill the capsule.'*® A dehydrated hydrogel placed inside the capsule
absorbed the sampling fluid which increased its volume, resulting in
pressure increase against a polydimethylsiloxane membrane at the
sampling aperture which sealed the storage chamber. The capsule
design and its functionality are shown in figure 5B,C respectively,
and it was tested under ex vivo conditions to prove its efficacy for
detecting IBD."** Later, the design was modified with two enteric
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Figure 5 Passive sampling devices that use an enteric pH coating which dissolves by reacting with the target fluid allowing microbiota and digesta
sample collection. (A) Osmotic pill sampler that continuously samples the microorganisms throughout its passage till recovery (reproduced from
Rezaei et al'® licensed under CC BY 4.0). (B) and (C) Collects the sample mainly from small intestine and secure it from contamination inside the

colon by sealing the inlet through hydrogel (reproduced from Nejati et a

/144

with permission from the Royal Society of Chemistry). (D) IMBA capsule

with explanation of the collection process with timings in various regions throughout the gut (reproduced from Jin et a/™' 2019 AGA Institute).
(E) Bistable mechanism to collect and store the sample (reproduced from Salem et a/'** 2018 IEEE). PDMS, polydimethylsiloxane.

coatings on top of each other, the first coating protected the capsule
from sampling inside the stomach, while the second coating protected
the capsule from sampling inside the small intestinal region. Both
coatings were finally dissolved once the capsule reached the prox-
imal colon where sampling started."* This modification allowed the
capsule to collect samples from proximal colon for detecting colonic
diseases.

The capsule prototypes that rely on intestinal fluid to dissolve
the pH-based enteric coatings for sample collection have certain
limitations. First, sample collection cannot be started instantly,
rather coating removal is a passive activity that requires time
(around 30 min). Second, precise targeted sampling is not
possible as closing the chamber for securing the sample is also
a lengthy process (taking between 30 min and 1 hour). Hence,
active sampling capsule prototypes that can quickly activate the
sampling process were used.

Active sampling capsules

The active sampling capsule prototypes as shown in figure 6 used
MEMS-based actuators to instantly trigger the sampling process
at the target-site.

Motor-based prototypes

The first sampling prototype known to the authors was devel-
oped in 2008, and demonstrated simultaneous drug delivery
and sampling by moving a piston that ejected a drug from

the device while a small orifice at other end collected the
surrounding content via vacuum suction.'*® The sampling proto-
type did not demonstrate any method to protect the sample as
the orifice remained open after sample collection, hence may
lead to cross-contamination. Another patent proposed to use a
motor to sequentially expose three storage chambers to allow
collection of intestinal content from three distinct locations.'*’
The motor also closed the inlets after sample collection that
resolved the contamination issue. A commercial company
(Biora Therapeutics, USA formerly Progenity) patented this
idea under the recoverable sampling system (RSS) and is in
the process of carrying out clinical trials. The RSS capsule has
the capability to detect five distinct sites within the gut before
triggering the sampling process which reduces the need for
tracking the device from outside the organism or relying on
physiological cues like pH or transit profile.'*® The localisation
technology flashed LED lights that were received by photo-
detectors and a microcontroller based on a preprogrammed
algorithm predicted the intestinal or colon location using gut
anatomy. The capsule design is shown in figure 6G and used a
motor to open the sampling aperture to expose an absorbent
pad that collected the intestinal fluid.'*” The absorbent pad was
soaked with preservatives that maintain the microbial popu-
lation until capsule recovery from faeces that ensures better
analysis after capsule retrieval.
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flexible capsule triggered with a magnet to collect the surrounding fluid with suction (reproduced from Du et a/*® 2018 IEEE). (E) A commercial
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Vacuum suction-based prototypes

A capsule prototype as shown in figure 6D, has a storage chamber
consisting of a flexible material that was squeezed inside the capsule
and the inlet was sealed with wax. Once the capsule reached the

target-site, the sampling process was activated by magnetic actua-
tion via a reed switch and a nichrome wire surrounding the inlet of
chamber was heated so it melted the wax and allowed the collection
of fluid via vacuum suction."® This design did not consider resealing
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the inlet to avoid cross-contamination. A commercial company
NaviCam (AnX Robotica, USA) has developed a magnetically
controlled sampling capsule endoscope that can be manoeuvred to
the target-site and its orientation can be precisely controlled using
an external magnetic field."" The capsule contained three sampling
ports sealed by a low melting point metal that was heated when the
capsule reached the target-site allowing the external fluid to move
inside the chamber due to pressure difference. The device position
and orientation can be controlled by an operator using a built-in
camera and external magnetic system which submerged the capsule
in intestinal fluid for better sample collection, as shown in figure 6E.
The capsule used a round-shaped stopping mechanism that automat-
ically sealed the inlet once the chamber was filled with fluid.

Magnetic actuation-based prototypes

Both the motor and vacuum suction-based prototypes required
electronic circuitry and a battery that occupy most of the capsule
space while leaving little space for sample storage. Therefore,
magnetic actuation-based capsules were proposed to instantly
trigger inlet opening and closing functions for targeted sample
collection. A magnetic capsule was designed to blindly collect
the digesta from the intestine whereas the triggering time was
estimated based on transit profile.'*? The capsule contained
two small magnets embedded in the capsule shell as shown
in figure 6C, fabricated in a way that it formed hollow space
between them. The external magnetic field repelled the two
magnets to allow the capsule to open using a hinge mecha-
nism, and the removal of magnetic field allowed the magnets
to collapse again which sealed the collected digesta. Further-
more, the authors modified the design to reduce the limitations
of the actuation distance between the capsule and the magnetic
field generator by reducing the magnetic force requirement to
collect the sample.”? Another magnetic capsule used an external
magnetic field to perform locomotion and sampling."** First, the
capsule was propelled to the target-site by a gradient magnetic
field. Second, an inlet port (one of the three) was aligned with the
sample collection channel by a uniform magnetic field, as shown
in figure 6A. Third, a micropump was activated by a preces-
sional magnetic field that collected the sample in an aligned
microchannel via an aligned inlet port. The design was compact
and showed commercial promise but needed to overcome the
contamination issue as it used only one sampling port through
which all inlet channels collect the samples hence led to a small
amount of contamination in the second and third chambers.

Dynamic sampling capsules

The designs presented so far, collect the fluid surrounding the
capsule which cannot guarantee the collection of full spectra of
microbiota, since microbiota are also present within the mucosal
layer which cannot be collected by a simple opening and closing
mechanism. The sampling location as well as the procedure used
to collect the microbiota has critical implications for the quality
of the information retrieved from sampling devices as the micro-
biota composition varies both longitudinally (eg, duodenum,
jejunum and ileum) and radially (eg, within the lumen, epithe-
lium, mucosa and submucosa) within the gut.'® A magnetic
capsule prototype as shown in figure 6B presented a brushing
mechanism to collect microbiota from the gut lining (mucosal
layer) that has not been explored before by the previous sampling
devices.'> First, the capsule was aligned with the intestinal wall
using an external magnetic field. Second, the two gates of the
sampling chambers were opened, and third, the brushing mecha-
nism was rotated to collect microbiota by rubbing on the intestinal

wall. Once the brushing was completed, the gates were closed to
secure the sample inside two separate chambers. Another capsule
prototype as shown in figure 6H targeted sampling from the
mucosa layer demonstrated a unique way of scraping the micro-
biota from the intestinal wall.”*® Two SMA springs connected
in an antagonistic configuration eject a round channel outside
the capsule shell that scraped the content from gut lining due to
natural pressure from peristaltic forces and stored the sample in a
connected chamber. Once the sampling was completed, the other
SMA spring moved the scraping channel inside the capsule shell
to secure the sample from downstream contamination. Later, the
design was improved by replacing the two one-way SMA springs
with one two-way SMA spring that produced both upward and
downward movement in response to two different temperatures
which were generated by passing the current through the spring
using an on-board battery."”” '*® However, both the designs that
collected microbiota from gut lining are yet to perform in vivo
trials which will demonstrate their effectiveness in terms of the
quality of the sample collected.'> '*®

FUTURE PERSPECTIVES

Smart capsules with sensing technologies have provided low invasive
access to locations within the gut that were not possible to access
before these swallowable devices were developed. This allowed the
sensing of parameters, for example, pH, temperature, pressure and,
gases, at the point of origin that provided unique insights into the
health of the host.”*® 15 19 112 The pH measurement of different
segments of the gut can now be accurately and precisely measured
with smart capsules that now help diagnose abnormal conditions and
assist to generate the transit profiles which are fruitful in gut health
diagnosis.”* 7 7® #1 Furthermore, the temperature measuring smart
capsules that measure the core temperature of the body are more
accurate than existing instrumentation and can perform measure-
ment during exercise which was not possible before.'”! Similarly, gut
motility is a crucial factor used to determine overall gut health, and
this can now be measured through pressure-sensitive smart capsules
for each distinctive segment of the gut.®! In addition, an important
parameter that is considered for gut health diagnosis is accurate
digestion and absorption measurement which is made exclusively
possible with the help of gas-sensing smart capsules that provide
accurate measurement of gut performance.'® ''? These ingestible
smart capsules have allowed the measurement of gut parameters at
the site of origin which in turn are helping the health practitioners to
get better insight into host health. The accurate measurements are a
key to a successful treatment; therefore, it is expected with time, the
smart capsules will improve the treatment of the patients further and
increase the efficiency of medical treatment.

Sensing technologies have already significantly contributed
towards better gut diagnosis, but they are limited in range and
their capabilities. Another dimension in the smart capsule cate-
gory has been begun with the development of robotic capsules
that can collect gut microbiota samples from various loca-
tions, '8 131 132 15¢ The microbial population throughout the gut
is unique and serves specific purposes. The study of microbiota
collected from various locations has a potential to improve the
understanding of relationship between distinct population of
microorganisms living throughout the length of the gut which
in turn can be used to diagnose various health conditions to
improve the quality of treatment. In addition, sampling from
different locations will help analyse the nutrition digestion and
absorption to better understand the nutrition that can help
prepare personalised foods in future.
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Figure 7  Future of smart capsule technology for monitoring gut health and

Most of the sensing devices can only sense a handful of gut param-
eters due to the size limitations of swallowable capsules. This has
restricted the smart capsules to gather holistic information and
purpose-built capsules were developed to perform single desig-
nated tasks only. The major challenge that needs to overcome by
the smart capsules is miniaturisation to perform multiple sensing
simultaneously using only one capsule. Most of the temperature
and pH-sensing smart capsules are easy to activate before ingestion
and they automatically record the designated parameters once swal-
lowed and activated, using software that can be seen by the patient
and doctor on their mobile device or from a PC using internet.”® *®
However, currently a separate capsule is used to sense each param-
eter which increases the overall cost and imposes a burden on the
healthcare system. The current smart capsule solutions are expensive
for personal use, as they require dedicated support from hospitals
and doctors, and it will take a few decades to lower these costs to
match diabetic (blood glucose) testing machines that people now
keep at their homes for tracking their sugar levels. In future, smart
capsule machines will be able to be used at home to continuously
monitor gut parameters, in similar way to blood glucose testing
machines, so doctors can be contacted if any abnormal changes are
discovered which will allow timely precautionary measures to be
taken, as patients with diabetes do currently on a regular basis.

Furthermore, there is an urgent need to expand the range of
gut-sensing parameters assessed, as currently only a few parame-
ters (eg, temperature, pressure, pH, gases) are measured by smart
capsules. Gut motility is a key aspect of gut health and the devel-
opment of smart capsules for measuring the motor activity of the
gut muscles will help monitor individualised gut health, similar
to our routine blood glucose tests on weekly or monthly basis.
Similarly, the release of enzymes is crucial for metabolic activity

disease detection for early intervention of health issues.

and development of smart capsules for measuring various gut
chemicals will lead to more insight into host health. Currently,
our understanding of the gut parameters and their link with
health is limited and that is mainly because of scarcity of techno-
logical tools we have to measure these parameters at the point
of origin. In future, more capsules will be developed with smart
sensors to measure a range of gut parameters that will create a
family of smart capsules to present a holistic gut diagnostic that
will eventually improve human health but allowing earlier inter-
vention to reduce the burden on the existing healthcare system.
However, this will require enormous effort from a diversified
team including engineers, material scientists, clinicians, nutri-
tionists, gastroenterologists, physicians, medical practitioners,
hospitals and other stakeholders.

Realistically, there will always be limitations to developing
smart capsules with dedicated sensing capabilities and it will not
always be beneficial to only ‘measure’ gut parameters. Therefore,
various approaches have been adopted to collect gut microbiota
that can be assessed after capsule recovery from the faeces.'
Most of the passive and active sampling capsules rely on arbi-
trary collection of surrounding fluid which does not capture the
full microbiota as significant populations of microorganisms live
on the gut lining®* and the sampling mechanism needs to scrape
or brush the intestinal wall to capture them." ™% A futuristic
sampling device should be able to autonomously locate its target-
site along the length of the gut and collect the sample from the
mucosa layer that will guarantee the quality of the sample to
study gut microbiota.'* Currently, most of the laboratory capsule
prototypes struggle to embed all of the required functions into
a tiny capsule (with swallowable dimensions), which is a major
hurdle for further in vivo testing.
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The sampling devices, in the future, should focus on
performing tasks in a standalone way without relying on external
systems like magnetic or electromagnetic actuation, as shown in
figure 7. The lower dependency will simplify the operational
cost and will allow remote testing of the capsule for personalised
treatments. This will put less burden on the healthcare system
and will allow individuals to perform testing at home which can
be monitored by the doctors using internet connectivity. Soft-
ware on a mobile device can highlight any abnormalities to help
doctors perform better diagnosis. The mobile software, with
doctor support, may allow the preparation of personalised diet
plans for optimum health outcomes. Smart sampling capsules
could specify the optimal diets for individuals based on their
microbiota composition, which may be realised in a few decades
with support of doctors and nutritionists. The current rapid pace
in sensor development could determine that this may happen
in near future and the next generation may keep a log of their
gut health from childhood to assess any significant changes in
their gut health to treat themselves with the aid of prescriptions
provided by doctors, which would be complimentary to current
health practices.

The development of futuristic sensing and sampling devices
may enable better treatment of gut-related problems like IBD,
ulceration, coeliac disease, Crohn’s disease and IBS. Further-
more, early diagnosis of diseases like cancer, obesity and diabetes
might be realised, which could help to treat these deadly diseases
efficiently. In addition, mental health issues may also be addressed
by relating the gut microbiota with relevant biomarkers. Hence,
in vivo sensing and sampling capsules are desired that will trans-
form the traditional ways of gut diagnosis.

Contributors MR wrote the manuscript. MR, DGT and EA conceptualised the
manuscript. MR, 1A-B, DGT, WY, LKC and EA critically revised the manuscript. MR,
IA-B, DGT, WY, LKC and EA approved the final version of the manuscript.

Funding This study was supported by the New Zealand Ministry of Business,
Innovation and Employment (MBIE) MAUX2205.

Competing interests None declared.

Patient consent for publication Not applicable.

Ethics approval Not applicable.

Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Muhammad Rehan http://orcid.org/0000-0002-0969- 1341
Leo K Cheng http://orcid.org/0000-0003-2426-8987
Ebubekir Avci http://orcid.org/0000-0002-4687-0859

REFERENCES

1 Jacobson B, Mackay RS. A pH-endoradiosonde. Lancet 1957;272:1224.

2 Mackay RS, Jacobson B. Endoradiosonde. Nature 1957;179:1239-40.

3 Mackay RS. Radio telemetering from within the human body. IRE Trans Med Electron
1959;ME-6:100-5.

4 Watson BW, Ross B, Kay AW. Telemetering from within the body using a pressure-
sensitive radio pill. Gut 1962;3:181-6.

5 Farrar JT, Zworykin VK, Baum J. Pressure-sensitive telemetering capsule for study of
gastrointestinal motility. Science 1957;126:975-6.

6 Iddan G, Meron G, Glukhovsky A, et al. Wireless capsule endoscopy. Nature
2000;405:417.

7 Halpern M, Harold J. Atlas of capsule endoscopy. Given Imaging, 2002.

8 Chen W, Sui J, Wang C. Magnetically actuated capsule robots: a review. /EEE Access
2022;10:88398-420.

9 Chetcuti Zammit S, Sidhu R. Capsule endoscopy—recent developments and future
directions. Expert Rev Gastroenterol Hepatol 2021;15:127-37.

0

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

4

42

43

44

Cummins G. Smart pills for gastrointestinal diagnostics and therapy. Adv Drug Deliv
Rev 2021;177:113931.

Alsunaydih FN, Yuce MR. Next-generation Ingestible devices: sensing, locomotion
and navigation. Physiol Meas 2021;42:04TRO1.

Bianchi F, Masaracchia A, Shojaei Barjuei E, et al. Localization strategies for robotic
endoscopic capsules: a review. Expert Rev Med Devices 2019;16:381-403.

Rehan M, Yeo AG, Yousuf MU, et al. Anchoring mechanism for capsule endoscope:
mechanical design, fabrication and experimental evaluation. Micromachines (Basel)
2022;13:2045.

Kalantar-Zadeh K, Ha N, Ou JZ, et al. Ingestible sensors. ACS Sens 2017,2:468-83.
Mandsberg NK, Christfort JF, Kamguyan K, et al. Orally Ingestible medical devices for
gut engineering. Adv Drug Deliv Rev 2020;165-166:142-54.

Kalantar-Zadeh K, Berean KJ, Ha N, et al. A human pilot trial of Ingestible electronic
capsules capable of sensing different gases in the gut. Nat Electron 2018;1:79-87.
Zhou H, Alici G. A magnetically actuated novel robotic capsule for site-specific

drug delivery inside the gastrointestinal tract. /EEE Trans Syst Man Cybern, Syst
2021;52:4010-20.

Son D, Gilbert H, Sitti M. Magnetically actuated soft capsule endoscope for fine-
needle biopsy. Soft Robot 2020;7:10-21.

Thursby E, Juge N. Introduction to the human gut microbiota. Biochem J
2017;474:1823-36.

Vandenplas Y, Hassall E. Mechanisms of gastroesophageal reflux and
gastroesophageal reflux disease. J Pediatr Gastroenterol Nutr 2002;35:119-36.
Riccio F, Costantini M, Salvador R. Esophageal achalasia: diagnostic evaluation.
World J Surg 2022;46:1516-21.

Aspirot A, Faure C. Esophageal dysmotility: characterization and pathophysiology.
Dis Esophagus 2013;26:405-9.

Phaosawasdi K, Sritunyarat Y, Lopimpisuth C, et al. Prevalence of achlorhydria

in an Asian population detected using congo red staining during routine
gastroscopy: 22 years' experience from a single centre. BMJ Open Gastroenterol
2022;9:000976.

Ye Y, Jiang B, Manne S, et a/. Epidemiology and outcomes of gastroparesis,

as documented in general practice records, in the United Kingdom. Gut
2021;70:644-53.

Usai-Satta P, Bellini M, Morelli O, et al. Gastroparesis: new insights into an old
disease. World J Gastroenterol 2020;26:2333-48.

Achufusi TGO, Sharma A, Zamora EA, et al. Small intestinal bacterial overgrowth:
comprehensive review of diagnosis, prevention, and treatment methods. Cureus
2020;12:e8860.

Gonzalez Z, McCallum R. Small bowel dysmotility, pseudoobstruction, and
functional correlation with histopathology: lessons learned. Curr Gastroenterol Rep
2020;22:14.

Rodriguez-Hernandez P, Cardador MJ, Arce L, et al. Analytical tools for disease
diagnosis in animals via fecal volatilome. Crit Rev Anal Chem 2022;52:917-32.
LiY, Xia S, Jiang X, et al. Gut microbiota and diarrhea: an updated review. Front Cell
Infect Microbiol 2021;11:625210.

Hillman ET, Lu H, Yao T, et al. Microbial ecology along the gastrointestinal tract.
Microbes Environ 2017;32:300-13.

Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease. Nat Rev
Microbiol 2021;19:55-71.

Sender R, Fuchs S, Milo R. Revised estimates for the number of human and bacteria
cells in the body. PLoS Biol 2016;14:e1002533.

Dethlefsen L, McFall-Ngai M, Relman DA. An ecological and evolutionary perspective
on human-microbe mutualism and disease. Nature 2007;449:811-8.

Thaiss CA, Itav S, Rothschild D, et al. Persistent microbiome alterations modulate the
rate of post-Dieting weight regain. Nature 2016;540:544-51.

Hartstra AV, Bouter KEC, Backhed F, et al. Insights into the role of the microbiome in
obesity and type 2 diabetes. Diabetes Care 2015;38:159-65.

He C, Shan Y, Song W. Targeting gut microbiota as a possible therapy for diabetes.
Nutr Res 2015;35:361-7.

Suez J, Korem T, Zeevi D, et al. Artificial sweeteners induce glucose intolerance by
altering the gut microbiota. Nature 2014;514:181-6.

Zeevi D, Korem T, Zmora N, et al. Personalized nutrition by prediction of glycemic
responses. Cell 2015;163:1079-94.

Kim M, Vogtmann E, Ahlquist DA, et al. Fecal metabolomic signatures in colorectal
adenoma patients are associated with gut microbiota and early events of colorectal
cancer pathogenesis. mBio 2020;11:¢03186-19.

Jayachandran M, Chung SSM, Xu B. A critical review of the relationship between
dietary components, the gut microbe Akkermansia muciniphila, and human health.
Crit Rev Food Sci Nutr 2020;60:2265-76.

CaiY, Folkerts J, Folkerts G, et al. Microbiota-dependent and-independent effects of
dietary fibre on human health. Br J Pharmacol 2020;177:1363-81.

Dinan TG, Cryan JF. Brain--gut--microbiota axis—mood, metabolism and behaviour.
Nat Rev Gastroenterol Hepatol 2017;14:69-70.

Ceppa F, Mancini A, Tuohy K. Current evidence linking diet to gut microbiota and
brain development and function. Int J Food Sci Nutr 2019;70:1-19.

Rea K, Dinan TG, Cryan JF. Gut microbiota: a perspective for psychiatrists.
Neuropsychobiology 2020;79:50-62.

200

Rehan M, et al. Gut 2024;73:186-202. doi:10.1136/gutjnl-2023-3296 14

‘yBuAdoo Ag paroslold 1sanb Ag 720z 9 1890100 uo /wod fwqg inby/:duy woly papeojumod "£zZ0z 120qwaldas Tz Uo £T962€-£202-Unb/9gTT 0T S paysiignd sy 1IN


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-0969-1341
http://orcid.org/0000-0003-2426-8987
http://orcid.org/0000-0002-4687-0859
http://dx.doi.org/10.1016/s0140-6736(57)91792-0
http://dx.doi.org/10.1038/1791239a0
http://dx.doi.org/10.1109/IRET-ME.1959.5007926
http://dx.doi.org/10.1136/gut.3.2.181
http://dx.doi.org/10.1126/science.126.3280.975
http://dx.doi.org/10.1038/35013140
http://dx.doi.org/10.1109/ACCESS.2022.3197632
http://dx.doi.org/10.1080/17474124.2021.1840351
http://dx.doi.org/10.1016/j.addr.2021.113931
http://dx.doi.org/10.1016/j.addr.2021.113931
http://dx.doi.org/10.1088/1361-6579/abedc0
http://dx.doi.org/10.1080/17434440.2019.1608182
http://dx.doi.org/10.3390/mi13122045
http://dx.doi.org/10.1021/acssensors.7b00045
http://dx.doi.org/10.1016/j.addr.2020.05.004
http://dx.doi.org/10.1038/s41928-017-0004-x
http://dx.doi.org/10.1109/TSMC.2021.3088952
http://dx.doi.org/10.1089/soro.2018.0171
http://dx.doi.org/10.1042/BCJ20160510
http://dx.doi.org/10.1097/00005176-200208000-00005
http://dx.doi.org/10.1007/s00268-022-06483-3
http://dx.doi.org/10.1111/dote.12058
http://dx.doi.org/10.1136/bmjgast-2022-000976
http://dx.doi.org/10.1136/gutjnl-2020-321277
http://dx.doi.org/10.3748/wjg.v26.i19.2333
http://dx.doi.org/10.7759/cureus.8860
http://dx.doi.org/10.1007/s11894-020-0748-8
http://dx.doi.org/10.1080/10408347.2020.1843130
http://dx.doi.org/10.3389/fcimb.2021.625210
http://dx.doi.org/10.3389/fcimb.2021.625210
http://dx.doi.org/10.1264/jsme2.ME17017
http://dx.doi.org/10.1038/s41579-020-0433-9
http://dx.doi.org/10.1038/s41579-020-0433-9
http://dx.doi.org/10.1371/journal.pbio.1002533
http://dx.doi.org/10.1038/nature06245
http://dx.doi.org/10.1038/nature20796
http://dx.doi.org/10.2337/dc14-0769
http://dx.doi.org/10.1016/j.nutres.2015.03.002
http://dx.doi.org/10.1038/nature13793
http://dx.doi.org/10.1016/j.cell.2015.11.001
http://dx.doi.org/10.1128/mBio.03186-19
http://dx.doi.org/10.1080/10408398.2019.1632789
http://dx.doi.org/10.1111/bph.14871
http://dx.doi.org/10.1038/nrgastro.2016.200
http://dx.doi.org/10.1080/09637486.2018.1462309
http://dx.doi.org/10.1159/000504495
http://gut.bmj.com/

Recent advances in clinical practice

45 Dinan TG, Cryan JF. Mood by microbe: towards clinical translation. Genome Med
2016;8:36.

46 Taylor AM. Relationships among diet, the gastrointestinal Microbiota, and mood;
2019.

47 Tang WHW, Wang Z, Levison BS, et al. Intestinal microbial metabolism of
phosphatidylcholine and cardiovascular risk. N Engl / Med 2013;368:1575-84.

48 Cani PD, Neyrinck AM, Fava F, et al. Selective increases of bifidobacteria in gut
microflora improve high-fat-diet-induced diabetes in mice through a mechanism
associated with endotoxaemia. Diabetologia 2007;50:2374-83.

49 de la Cuesta-Zuluaga J, Kelley ST, Chen Y, et al. Age-and sex-dependent patterns of
gut microbial diversity in human adults. mSystems 2019;4:¢00261-19.

50 Claesson M), Jeffery IB, Conde S, et al. Gut microbiota composition correlates with
diet and health in the elderly. Nature 2012;488:178-84.

51 De Filippis F, Pellegrini N, Vannini L, et al. High-level adherence to a mediterranean
diet beneficially impacts the gut microbiota and associated metabolome. Gut
2016;65:1812-21.

52 Clarke SF, Murphy EF, O'Sullivan O, et al. Exercise and associated dietary extremes
impact on gut microbial diversity. Gut 2014,63:1913-20.

53 Power SE, O'Toole PW, Stanton C, et al. Intestinal microbiota, diet and health. BrJ
Nutr 2014;111:387-402.

54 Yatsunenko T, Rey FE, Manary MJ, et al. Human gut microbiome viewed across age
and geography. Nature 2012;486:222-7.

55 Sharma S, Tripathi P. Gut microbiome and type 2 diabetes: where we are and where
to go. J Nutr Biochem 2019;63:101-8.

56 Karlsson F, Tremaroli V, Nielsen J, et al. Assessing the human gut microbiota in
metabolic diseases. Diabetes 2013;62:3341-9.

57 Le Chatelier E, Nielsen T, Qin J, et al. Richness of human gut microbiome correlates
with metabolic markers. Nature 2013;500:541-6.

58 Brunt VE, Gioscia-Ryan RA, Richey JJ, et al. Suppression of the gut microbiome
ameliorates age-related arterial dysfunction and oxidative stress in mice. J Physiol
2019;597:2361-78.

59 Jeffery IB, 0'Toole PW, Ohman L, et al. An irritable bowel syndrome subtype defined
by species-specific alterations in Faecal microbiota. Gut 2012;61:997-1006.

60 Rajagopala SV, Vashee S, Oldfield LM, et al. The human microbiome and cancer.
Cancer Prev Res (Phila) 2017:10:226-34.

61 Xu G, Zhu H, Qiu P. Aging progression of human gut microbiota. BMC Microbiol
2019;19:236.

62 Ghosh TS, Shanahan F, 0'Toole PW. The gut microbiome as a modulator of healthy
ageing. Nat Rev Gastroenterol Hepatol 2022;19:565-84.

63 WuH, Xing Y, Sun H, et al. Gut microbial diversity in two Insectivorous bats: insights
into the effect of different sampling sources. Microbiologyopen 2019;8:¢00670.

64 YanW, Sun C, Zheng J, et al. Efficacy of fecal sampling as a gut proxy in the study of

chicken gut microbiota. front Microbiol 2019;10:2126.

65 Young W, Maclean P, Dunstan K, et al. Lacticaseibacillus Rhamnosus Hn001 alters
the microbiota composition in the Cecum but not the Feces in a Piglet model. Front
Nutr 2022;9:1002369.

66 Anslan'S, Li H, Kiinzel S, et al. Microbiomes from feces vs. gut in aquatic vertebrates:
distinct community compositions between substrates and preservation methods.
Microbiology [Preprint] 2019.

67 Ingala MR, Simmons NB, Wultsch C, et a/. Comparing microbiome sampling methods

in a wild mammal: fecal and intestinal samples record different signals of host
Ecology, evolution. Front Microbiol 2018;9:803.

68 Sugden S, St Clair CC, Stein LY. Individual and site-specific variation in a
biogeographical profile of the coyote gastrointestinal microbiota. Microb Ecol
2021;81:240-52.

69 MinJ, Yang Y, Wu Z, et al. Robotics in the gut. Adv Therap 2020;3:1900125.

70 Osawa K, Nakadate R, Arata J, et al. Self-propelled colonoscopy robot using flexible
paddles. [EEE Robot Autom Lett 2020;5:6710-6.

71 Ciuti G, Calio R, Camboni D, et al. Frontiers of robotic endoscopic capsules: a review.

J Microbio Robot 2016;11:1-18.
72 Medtronic. Bravo reflux capsule. Available: https://www.medtronic.com/covidien/en-
us/products/reflux-testing/bravo-reflux-testing-system.html [Accessed Apr 2022].

73 Perry R, Dennis A, Tareen M, et al. PTH-64 an audit of bravo capsule use in a tertiary

referral centre. BMJ Publishing Group, 2021.

74 Azzam RS, Azzam GB, Nasi A. Wireless ph monitoring and conventional esophageal
ph monitoring: comparative study of discomfort, limitations in daily activities and
complications. Arqg Bras Cir Dig 2021;34:e1566.

75 Group J. alphaONE reflux monitoring system - pH capsule monitoring system.
Available: https://www.jinshangroup.com/solutions/omom-esophageal-ph-
monitoring-bravo-capsule/ [Accessed Apr 2022].

76 Hamed A, Elswait R, Al-Kandari A, et a/. Clinical evaluation of the wireless JSPH-2

esophageal pH capsule: a single-center retrospective experience. J Arab Soc Med Res

2021;16:143.

77 Yang X-J, Gan T, Wang L, et al. Wireless esophageal pH capsule for patients with
gastroesophageal reflux disease: a multicenter clinical study. World J Gastroenterol
2014,20:14865-74.

78 Medical H. Heidelberg pH capsules. Available: https://www.phcapsule.com/patients/
capsule-info/ [Accessed Apr 2022].

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

Stack BH. Use of the heidelberg pH capsule in the routine assessment of gastric acid
secretion. Gut 1969;10:245-6.

Williamson JM, Russell R, Goldberg A. A screening technique for the detection of
Achlorhydria using the Heidelberg capsule. Scand J Gastroenterol 1969;4:369-75.
Medtronic. Smartpill. Available: https://www.medtronic.com/covidien/en-us/products/
motility-testing/smartpill-motility-testing-system.html [Accessed Apr 2022].

Kuo B, McCallum RW, Koch KL, et a/. Comparison of gastric emptying of a
Nondigestible capsule to a radio-labelled meal in healthy and gastroparetic subjects.
Aliment Pharmacol Ther 2008;27:186-96.

Rao SSC, Camilleri M, Hasler WL, et a/. Evaluation of gastrointestinal

transit in clinical practice: position paper of the American and European
neurogastroenterology and motility societies. Neurogastroenterol Motil
2011;23:8-23.

Zou H, Shimizu J, Wanke C, et al. Transit and pH in fasted beagle dogs with the
Intellicap system. Controlled Release Society Meeting; 2013:5-6

Maurer JM, Schellekens RCA, van Rieke HM, et al. Gastrointestinal pH and transit
time profiling in healthy volunteers using the Intellicap system Confirms Ileo-colonic
release of Colopulse tablets. PLoS One 2015;10:e0129076.

De Cuyper A, Hesta M, Tibosch S, et al. How does dietary particle size affect
carnivore gastrointestinal transit: a dog model. / Anim Physiol Anim Nutr (Berl)
2018;102:e615-22.

Cheng C, Wu Y, Li X, et al. A Wireless, Ingestible pH sensing capsule system based
on iridium oxide for monitoring gastrointestinal health. Sens Actuators B Chem
2021;349:130781.

Cao H, Landge V, Tata U, et al. An implantable, batteryless, and wireless capsule with
integrated impedance and pH sensors for gastroesophageal reflux monitoring. IEEE
Trans Biomed Eng 2012;59:3131-9.

Xu'F, Yan G, Zhao K, et al. A Wireless capsule system with ASIC for monitoring the
physiological signals of the human gastrointestinal tract. IEEE Trans Biomed Circuits
Syst 2014;8:871-80.

Zhao K, Yan G, Lu L, et al. Low-power wireless electronic capsule for long-term
gastrointestinal monitoring. J Med Syst 2015;39:9.

Telles NJ, Simon BT, Scallan EM, et al. Evaluation of gastrointestinal transit times
and pH in healthy cats using a continuous pH monitoring system. J Feline Med Surg
2022;24:954-61.

Proulx Cl, Ducharme MB, Kenny GP. Safe cooling limits from exercise-induced
hyperthermia. Eur J Appl Physiol 2006;96:434—45.

Sundgren-Andersson AK, Ostlund P, Bartfai T. Simultaneous measurement of brain
and core temperature in the rat during fever, hyperthermia, hypothermia and sleep.
Neuroimmunomodulation 1998;5:241-7.

Huang F, Magnin C, Brouqui P. Ingestible sensors correlate closely with peripheral
temperature measurements in febrile patients. J Infect 2020;80:161-6.

Racinais S, Moussay S, Nichols D, et al. Core temperature up to 41.5 °C during the
UCl road cycling world championships in the heat . Br J Sports Med 2019;53:426-9.
BodyCap. eCelsius medical capsule for core body temperature monitoring.
Available: https://www.bodycap-medical.com/ecelsius-medical-medical-device-for-a-
continuous-core-temperature-monitoring-telemetric-pills/ [Accessed Mar 2022].
Respironics P. Vitalsense - wireless and continuous physiological monitoring.
Available: http://www.actigraphy.respironics.com/solutions/vitalsense/ [Accessed
Mar 2022].

Inc H. Cortemp - wireless core body temperature monitoring data recorder. Available:
https://www.hginc.net/cortemp/ [Accessed Mar 2022].

m BV. myTemp. Available: http://mytemp.eu/products/ [Accessed Mar 2022].
Bongers CCWG, Daanen HAM, Bogerd CP, et al. Validity, reliability, and inertia of
four different temperature capsule systems. Med Sci Sports Exerc 2018;50:169-75.
Bogerd CP, Velt KB, Annaheim S, et al. Comparison of two telemetric intestinal
temperature devices with rectal temperature during exercise. Physiol Meas
2018;39:03NT01.

Benken A, Gianchandani Y. Passive wireless pressure sensing for gastric manometry.
Micromachines (Basel) 2019:10:868.

Xu F, Yan G. Toward a wireless electronic capsule with microsensors for detecting
dysfunction of human gastric motility. IEEE Sensors J 2014;15:2194-202.

Li P, Kothari V, Terry BS. Design and preliminary experimental investigation of a
capsule for measuring the small intestine contraction pressure. /EEE Trans Biomed
Eng 2015;62:2702-8.

Li P, Kreikemeier-Bower C, Xie W, et al. Design of a wireless medical capsule for
measuring the contact pressure between a capsule and the small intestine.

J Biomech Eng 2017;139:5.

Rehan M, Al-Bahadly |, Thomas DG, et al. Measurement of Peristaltic forces

exerted by living intestine on Robotic capsule. IEEE/ASME Trans Mechatron
2021;26:1803-11.

KimYY, Lee G, Park S, et al. Pressure monitoring system in gastro-intestinal tract.
Proceedings of the 2005 IEEE International Conference on Robotics and Automation;
2005:1321-6

Simrén M, Stotzer P-O. Use and abuse of hydrogen breath tests. Gut
2006;55:297-303.

Ou JZ, Yao CK, Rotbart A, et al. Human intestinal gas measurement systems: in vitro
fermentation and gas capsules. Trends Biotechnol 2015;33:208—-13.

Rehan M, et al. Gut 2024;73:186-202. doi:10.1136/gutjnl-2023-3296 14

201

"ybuAdoo Ag parosioid 1senb Ag 20z ‘9 1890100 uo Jwod fwgnby:dny wouy papeojumoq "£zZ0z Jaquisldas Tz Uo $T96ZE-€202-ulnb/9eTT 0T St paysiignd 1s11y 1IN


http://dx.doi.org/10.1186/s13073-016-0292-1
http://dx.doi.org/10.1056/NEJMoa1109400
http://dx.doi.org/10.1007/s00125-007-0791-0
http://dx.doi.org/10.1128/mSystems.00261-19
http://dx.doi.org/10.1038/nature11319
http://dx.doi.org/10.1136/gutjnl-2015-309957
http://dx.doi.org/10.1136/gutjnl-2013-306541
http://dx.doi.org/10.1017/S0007114513002560
http://dx.doi.org/10.1017/S0007114513002560
http://dx.doi.org/10.1038/nature11053
http://dx.doi.org/10.1016/j.jnutbio.2018.10.003
http://dx.doi.org/10.2337/db13-0844
http://dx.doi.org/10.1038/nature12506
http://dx.doi.org/10.1113/JP277336
http://dx.doi.org/10.1136/gutjnl-2011-301501
http://dx.doi.org/10.1158/1940-6207.CAPR-16-0249
http://dx.doi.org/10.1186/s12866-019-1616-2
http://dx.doi.org/10.1038/s41575-022-00605-x
http://dx.doi.org/10.1002/mbo3.670
http://dx.doi.org/10.3389/fmicb.2019.02126
http://dx.doi.org/10.3389/fnut.2022.1002369
http://dx.doi.org/10.3389/fnut.2022.1002369
http://dx.doi.org/10.3389/fmicb.2018.00803
http://dx.doi.org/10.1007/s00248-020-01547-0
http://dx.doi.org/10.1002/adtp.201900125
http://dx.doi.org/10.1109/LRA.2020.3017476
http://dx.doi.org/10.1007/s12213-016-0087-x
https://www.medtronic.com/covidien/en-us/products/reflux-testing/bravo-reflux-testing-system.html
https://www.medtronic.com/covidien/en-us/products/reflux-testing/bravo-reflux-testing-system.html
http://dx.doi.org/10.1590/0102-672020210001e1566
https://www.jinshangroup.com/solutions/omom-esophageal-ph-monitoring-bravo-capsule/
https://www.jinshangroup.com/solutions/omom-esophageal-ph-monitoring-bravo-capsule/
http://dx.doi.org/10.4103/jasmr.jasmr_28_21
http://dx.doi.org/10.3748/wjg.v20.i40.14865
https://www.phcapsule.com/patients/capsule-info/
https://www.phcapsule.com/patients/capsule-info/
http://dx.doi.org/10.1136/gut.10.3.245
http://dx.doi.org/10.3109/00365526909180618
https://www.medtronic.com/covidien/en-us/products/motility-testing/smartpill-motility-testing-system.html
https://www.medtronic.com/covidien/en-us/products/motility-testing/smartpill-motility-testing-system.html
http://dx.doi.org/10.1111/j.1365-2036.2007.03564.x
http://dx.doi.org/10.1111/j.1365-2982.2010.01612.x
http://dx.doi.org/10.1371/journal.pone.0129076
http://dx.doi.org/10.1111/jpn.12803
http://dx.doi.org/10.1016/j.snb.2021.130781
http://dx.doi.org/10.1109/TBME.2012.2214773
http://dx.doi.org/10.1109/TBME.2012.2214773
http://dx.doi.org/10.1109/TBCAS.2013.2296933
http://dx.doi.org/10.1109/TBCAS.2013.2296933
http://dx.doi.org/10.1007/s10916-015-0211-9
http://dx.doi.org/10.1177/1098612X211062096
http://dx.doi.org/10.1007/s00421-005-0063-y
http://dx.doi.org/10.1159/000026344
http://dx.doi.org/10.1016/j.jinf.2019.11.003
http://dx.doi.org/10.1136/bjsports-2018-099881
https://www.bodycap-medical.com/ecelsius-medical-medical-device-for-a-continuous-core-temperature-monitoring-telemetric-pills/
https://www.bodycap-medical.com/ecelsius-medical-medical-device-for-a-continuous-core-temperature-monitoring-telemetric-pills/
http://www.actigraphy.respironics.com/solutions/vitalsense/
https://www.hqinc.net/cortemp/
http://mytemp.eu/products/
http://dx.doi.org/10.1249/MSS.0000000000001403
http://dx.doi.org/10.1088/1361-6579/aaad52
http://dx.doi.org/10.3390/mi10120868
http://dx.doi.org/10.1109/JSEN.2014.2373391
http://dx.doi.org/10.1109/TBME.2015.2444406
http://dx.doi.org/10.1109/TBME.2015.2444406
http://dx.doi.org/10.1115/1.4036260
http://dx.doi.org/10.1115/1.4036260
http://dx.doi.org/10.1109/TMECH.2021.3078139
http://dx.doi.org/10.1136/gut.2005.075127
http://dx.doi.org/10.1016/j.tibtech.2015.02.002
http://gut.bmj.com/

Recent advances in clinical practice

110

m

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

Kalantar-Zadeh K, Yao CK, Berean KJ, et a/. Intestinal gas capsules: a proof-of-
concept demonstration. Gastroenterology 2016;150:37-9.

Berean KJ, Ha N, Ou JZ, et al. The safety and sensitivity of a telemetric capsule to
monitor gastrointestinal hydrogen production in vivo in healthy subjects: a pilot trial
comparison to concurrent breath analysis. Aliment Pharmacol Ther 2018;48:646-54.
Atmo Biosciences. Atmo gas-sensing capsule, Available: https://atmobiosciences.
com/ [Accessed Oct 2022].

Thwaites PA, Yao CK, Maggo J, et al. Comparison of gastrointestinal landmarks
using the gas-sensing capsule and wireless motility capsule. Aliment Pharmacol Ther
2022;56:1337-48.

Tang J, Wang L, Ying J, et al. Apparatus and methods of using built-in micro-
spectroscopy micro-biosensors and specimen collection system for a wireless capsule
in a biological body in vivo. Google Patents, 2005.

Kong K-C, Cha J, Jeon D, et al. A Rotational Micro biopsy device for the capsule
Endoscope. Intelligent Robots and Systems, 2005.(IROS 2005). 2005 IEEE/RS)
International Conference on; 2005:1839-43

Simi M, Gerboni G, Menciassi A, et al. Magnetic torsion spring mechanism for a
Wireless biopsy capsule. J Med Device 2013;7:4.

Le VH, Jin Z, Leon-Rodriguez H, et al. Electromagnetic field intensity triggered
micro-biopsy device for active locomotive capsule Endoscope. Mechatronics
2016;36:112-8.

Pan X, Ma T, Li P, et al. A novel intestinal microcapsule endoscope robot with biopsy
function. 2018 IEEE International Conference on Cyborg and Bionic Systems (CBS);
Shenzhen.2018:308-12

Ye D, Zhang F, Yuan S, et al. Magnetically driven Wireless capsule robot with
targeting biopsy function. 2019 IEEE International Conference on Robotics and
Biomimetics (ROBIO); IEEE, 2019:1222-7

Le VH, Hernando L-R, Lee C, et al. Shape memory alloy—based biopsy device

for active locomotive intestinal capsule endoscope. Proc Inst Mech Eng H
2015;229:255-63.

Le VH, Nguyen VD, Lee C, et al. Miniaturized biopsy module using gripper tool for
active locomotive capsule endoscope. Mechatronics 2017;44:52-9.

Hoang MC, Le VH, Kim J, et al. Untethered robotic motion and rotating blade
mechanism for actively locomotive biopsy capsule endoscope. /EEE Access
2019;7:93364-74.

Hoang MC, Le VH, Nguyen KT, et al. A Robotic biopsy endoscope with magnetic 5-
DOF locomotion and a retractable biopsy punch. Micromachines (Basel) 2020;11:98.
Park S, Koo K, Bang SM, et al. A novel microactuator for microbiopsy in capsular
endoscopes. / Micromech Microeng 2008;18:025032.

Son D, Dogan MD, Sitti M. Magnetically actuated soft capsule Endoscope for fine-
needle aspiration biopsy. Robotics and Automation (ICRA), 2017 IEEE International
Conference on, 2017; IEEE, 2017:1132-9

Kong K, Yim S, Choi S, et al. A Robotic biopsy device for capsule endoscopy. / Med
Device 2012;6:3.

Zhang F, Ye D, Song S, et al. Design of a novel biopsy capsule robot with anchoring
function for intestinal tract. 2019 IEEE International Conference on Robotics and
Biomimetics (ROBIO); IEEE, 2019:1471-6

Yim S, Gultepe E, Gracias DH, et a/. Biopsy using a magnetic capsule endoscope
carrying, releasing, and retrieving untethered microgrippers. IEEE Trans Biomed Eng
2014;61:513-21.

Alberto AC, Hill WS. Capsule for the study of the digestive tract and method of using
the same. Patent US3057344A Patent Appl. US660696A; 1962.

Jean-Pierre P. Diagnostic and medicating capsule and the method of use. Patent
US3118439A Patent Appl. US722514A; 1964.

Felson R. Capsule for the study and treatment of the digestive tract. Patent
US3485235A Patent Appl. US687895A; 1969.

Honda M, Matsui K, Kohri K, et al. Medical capsule device. Patent US4439197A
Patent Appl. US06/358,112s; 1984.

Kambara K, Misawa K, Honda M, et al. Medical capsule device. Patent US4507115A
Patent Appl. US06/583,289; 1985.

134

135

136

137
138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

Casper RA, Mccartney ML, Jochem WJ, et al. Medical capsule device actuated by RF
signal. Patent W01992005822A1 Patent Appl. PCT/US1991/007078; 1992.

Stoltz K. Sampling device and method for obtaining samples of internal body
substances and method for producing a sampling device; 2008.

Hosoya T, Tanaka F, Noguchi K. Capsule for medical use. Patent US4239040A Patent
Appl. US05/841,985; 1980.

Gu HH, Gu HL. Intestinal fluid sampler. Google Patents, 1999.

Pawelec J. Device for the study of the alimentary canal. Patent US4481952A Patent
Appl. US06/245,346; 1984.

Wrigglesworth D, McKnight T, Ericson MN. Sampling device. Patent US10993668B2
Patent Appl. US14/777,143; 2021.

Rezaei Nejad H, Oliveira BCM, Sadeqi A, et al. Ingestible osmotic pill for in vivo
sampling of gut microbiomes. Adv Intell Syst 2019;1:1900053.

Jin G,Wang G, Liu X, et al. 977—intestine microbiome aspiration (IMBA) capsule: a
new autonomous and minimally-invasive device for whole gut microbiome sampling
and mapping. Gastroenterology 2019;156:5-205.

Salem MB, Aiche G, Rubbert L, et al. Design of a microbiota sampling capsule

using 3D-printed bistable mechanism. Annu Int Conf IEEE Eng Med Biol Soc
2018;2018:4868-71.

Waimin JF, Nejati S, Jiang H, et al. Smart capsule for non-invasive sampling and
studying of the gastrointestinal microbiome. RSC Adv 2020;10:16313-22.

Nejati S, Wang J, Heredia-Rivera U, et al. Small intestinal sampling capsule

for inflammatory bowel disease type detection and management. Lab Chip
2021;22:57-70.

Nejati S, Wang J, Sedaghat S, et a/. Smart capsule for targeted proximal colon
microbiome sampling. Acta Biomater 2022;154:83-96.

Cui J, Zheng X, Hou W, et a/. The study of a remote-controlled gastrointestinal drug
delivery and sampling system. Telemed J £ Health 2008;14:715-9.

Amoako-Tuffour Y, Jones M, Prakash S. Ingestible medical device. Patent
US10172598B2 Patent Appl. US14/460,893; 2019.

Rahimian P. A novel method for collecting microbiome specimens: proof of concept
in normal healthy volunteers. Sa Diego, CA, US: Digestive Disease \Week, 2022.

Yau YY, Wasinger VC, Hirten RP, et al. Current trends in IBD-development of mucosal-
based biomarkers and a novel minimally invasive recoverable sampling system.
Inflamm Bowel Dis 2021:27:517-24.

Du X, Chan KF, Xia X, et al. A magnetically-triggered soft capsule for on-demand
mucus collection. 2018 IEEE International Conference on Cyborg and Bionic Systems
(CBS); IEEE, 2018:250-4

Ding Z, Wang W, Zhang K, et al. Novel scheme for non-invasive gut bioinformation
acquisition with a magnetically controlled sampling capsule endoscope. Gut
2021,70:2297-306.

Shokrollahi P, Lai YP, Rash-Ahmadi S, et al. Blindly controlled magnetically actuated
capsule for noninvasive sampling of the gastrointestinal microbiome. IEEE/ASME
Trans Mechatron 2020;26:2616-28.

Nam J, Lai YP, Gauthier L, et al. Resonance-based design of wireless magnetic
capsule for effective sampling of microbiome in gastrointestinal tract. Sensors and
Actuators A: Physical 2022;342:113654.

Park S, Lee H, Kim D -i,, et al. Active multiple-sampling capsule for gut microbiome.
IEEE/ASME Trans Mechatron 2022;27:4384-95.

Finocchiaro M, Giosue C, Drago G, et al. Design of a magnetic actuation system for
a microbiota-collection ingestible capsule. 2021 IEEE International Conference on
Robotics and Automation (ICRA); 2021:6905-11

Rehan M, Al-Bahadly |, Thomas DG, et al. Capsule robot for gut microbiota sampling
using shape memory alloy spring. Int J Med Robot 2020;16:1-14.

Rehan M, Al-Bahadly I, Thomas DG, et al. Towards gut Microbiota sampling using an
untethered sampling device. IEEE Access 2021;9:127175-84.

Rehan M, Al-Bahadly I, Thomas DG, et al. Development of a robotic capsule for in
vivo sampling of gut microbiota. /EEE Robot Autom Lett 2022;7:9517-24.

Fellows R, Varga-Weisz P. Chromatin dynamics and histone modifications in
intestinal Microbiota-host crosstalk. Mol Metab 2020;38:100925.

202

Rehan M, et al. Gut 2024;73:186-202. doi:10.1136/gutjnl-2023-3296 14

"ybuAdoo Ag parosioid 1senb Ag 20z ‘9 1890100 uo Jwod fwgnby:dny wouy papeojumoq "£zZ0z Jaquisldas Tz Uo $T96ZE-€202-ulnb/9eTT 0T St paysiignd 1s11y 1IN


http://dx.doi.org/10.1053/j.gastro.2015.07.072
http://dx.doi.org/10.1111/apt.14923
https://atmobiosciences.com/
https://atmobiosciences.com/
http://dx.doi.org/10.1111/apt.17216
http://dx.doi.org/10.1115/1.4025185
http://dx.doi.org/10.1016/j.mechatronics.2016.05.001
http://dx.doi.org/10.1177/0954411915576946
http://dx.doi.org/10.1016/j.mechatronics.2017.04.011
http://dx.doi.org/10.1109/ACCESS.2019.2927894
http://dx.doi.org/10.3390/mi11010098
http://dx.doi.org/10.1088/0960-1317/18/2/025032
http://dx.doi.org/10.1115/1.4007100
http://dx.doi.org/10.1115/1.4007100
http://dx.doi.org/10.1109/TBME.2013.2283369
http://dx.doi.org/10.1002/aisy.201900053
http://dx.doi.org/10.1016/S0016-5085(19)37309-3
http://dx.doi.org/10.1109/EMBC.2018.8513141
http://dx.doi.org/10.1039/c9ra10986b
http://dx.doi.org/10.1039/D1LC00451D
http://dx.doi.org/10.1016/j.actbio.2022.09.050
http://dx.doi.org/10.1089/tmj.2007.0118
http://dx.doi.org/10.1093/ibd/izab179
http://dx.doi.org/10.1136/gutjnl-2020-322465
http://dx.doi.org/10.1109/TMECH.2020.3043454
http://dx.doi.org/10.1109/TMECH.2020.3043454
http://dx.doi.org/10.1016/j.sna.2022.113654
http://dx.doi.org/10.1016/j.sna.2022.113654
http://dx.doi.org/10.1109/TMECH.2022.3155534
http://dx.doi.org/10.1002/rcs.2140
http://dx.doi.org/10.1109/ACCESS.2021.3111086
http://dx.doi.org/10.1109/LRA.2022.3191177
http://dx.doi.org/10.1016/j.molmet.2019.12.005
http://gut.bmj.com/

	Smart capsules for sensing and sampling the gut: status, challenges and prospects
	Abstract
	Introduction
	The GI tract and microbiota
	Oesophagus
	Stomach
	Small intestine
	Large intestine
	Gut microbiota
	Impact of microbiota on host health and the limitations of sampling methods

	Smart capsules for sensing the gut
	pH sensing
	Temperature sensing
	Pressure sensing
	Gas sensing

	Robotic capsules for sampling the gut
	Biopsy devices for tissue sampling
	Sampling devices for content-based sampling
	Patent applications
	Commercial and laboratory prototypes
	Passive sampling capsules
	Active sampling capsules
	Motor-based prototypes
	Vacuum suction-based prototypes
	Magnetic actuation-based prototypes
	Dynamic sampling capsules


	Future perspectives
	References


