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Postoperative ileus (POI) is the leading cause of prolonged hospital stay after abdominal surgery and is character-
ized by a functional paralysis of the digestive tract, leading to symptoms such as constipation, vomiting, and
functional obstruction. Current treatments are mainly supportive and inefficacious and yield acute side effects.
Although electrical stimulation studies have demonstrated encouraging pacing and entraining of the intestinal
slow waves, no devices exist today to enable targeted intestinal reanimation. Here, we developed an ingestible
self-propelling device for intestinal reanimation (INSPIRE) capable of restoring peristalsis through luminal electri-
cal stimulation. Optimizing mechanical, material, and electrical design parameters, we validated optimal deploy-
ment, intestinal electrical luminal contact, self-propelling capability, safety, and degradation of the device in
ex vivo and in vivo swine models. We compared the INSPIRE’s effect on motility in models of normal and depressed
motility and chemically induced ileus. Intestinal contraction improved by 44% in anesthetized animals and up to
140% in chemically induced ileus cases. In addition, passage time decreased from, on average, 8.6 days in controls
to 2.5 days with the INSPIRE device, demonstrating significant improvement in motility. Luminal electrical stimu-
lation of the intestine via the INSPIRE efficaciously restored peristaltic activity. This noninvasive option offers a

promising solution for the treatment of ileus and other motility disorders.

INTRODUCTION

Postoperative ileus (POI), affecting about 30% of patients undergo-
ing surgery (1), represents the most prevalent cause of prolonged
hospital stays (2). With an estimated economic burden exceeding
$750 million in the United States (3), POI increases the cost of hos-
pitalization by 71% on average (4, 5). Ileus is characterized by a
functional paralysis of the intestinal tract, wherein a loss of peristal-
tic activity results in the symptoms of functional obstruction, gas
and fluid accumulation, bloating, abdominal distension, constipa-
tion, vomiting, and nausea (6). Although commonly a complication
of abdominal or pelvic surgery, other causes of ileus include infec-
tion, medications such as opiates (7), muscle dysfunction, and neu-
ral disorders (8). POI usually lasts between 2 and 6 days (9) and can
manifest with gastrointestinal discomfort.

Current treatments are predominantly supportive in nature, in-
cluding bowel resting, parenteral nutrition, prokinetic drugs, and, in
severe cases, nasogastric tubing to relieve intragastric pressure (3).
Nasogastric decompression not only is uncomfortable and requires
hospitalization but also does not shorten the return of the first bow-
el movement and can result in procedure-related pneumonia. Drugs
inhibiting sympathetic output and stimulating enteric cholinergic
mechanisms have been investigated, although their utilization is
limited by side effects. Early oral or nasoenteric postoperative feed-
ing has been proposed, but their efficacy remains unclear (3). Simi-
larly, the effects of gum chewing and pharmacological interventions
are under investigation but currently inconclusive in results.
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Electrical stimulation of the intestines to potentiate the enteric
nervous system has been attempted in humans, although studies
have not yielded consistent positive results (10-13). This stimula-
tion was carried out through electrodes placed via a nasogastric
tube targeting the gastric antrum and/or proximal small bowel
(11). Many of these trials occurred in the 1970s with the limitations
of placement, stimulation, and recording technologies of the time.
However, more recent studies in animal models to stimulate the
tract and to pace and entrain intestinal slow wave contractions via
electrical stimulation show promising results (14, 15). Neverthe-
less, the use of nasogastric tubing and the placement of surface
electrodes on the intestinal serosa for stimulation are impractical
for clinical implementation. Further, these methods only target a
small region of the intestines and would require ongoing hospital-
ization during the treatment period. As such, effective electrothera-
peutic treatments for ileus await minimally invasive or ingestible
devices that interface with the intestinal neuromusculature, with-
stand the cyclic deformation caused by peristaltic contraction, and
perform stimulation along the length of the intestines to reactivate
bowel transit.

Here, we describe the INSPIRE, an ingestible self-propelling de-
vice for intestinal reanimation, which electrically stimulates the
intestinal enteric nervous system (ENS) to reanimate intestinal peri-
stalsis (Fig. 1A). The device features an expandable design with elec-
trode contacts on its outer surface to make stable contact with the
lumen of the small intestine (SI), from which the ENS is located less
than 1.5 mm (16) away (Fig. 1A). We hypothesize that this device
can be safely ingested and will activate precisely in the SI upon con-
tact with SI fluid on the basis of a pH-triggered expansion mecha-
nism. Its mechanical properties will enable the device to expand
within the intestine and make strong luminal contact with low im-
pedance. It will then electrically stimulate the lumen, creating con-
tractions that facilitate its strain-shifting form factor to propel the
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Fig. 1. Overview of the INSPIRE. (A) Mechanism of action of the INSPIRE for small intestinal motility. (B) INSPIRE form factor and geometry. (C) INSPIRE encapsulated in a
triple-zero capsule with PCB in view. (D) Degraded INSPIRE after 2 hours of incubation in SIF. (E) Expanded INSPIRE with battery in view. (F) Three predominant orientations
of the INSPIRE in small intestinal tissue, enabling luminal contact of electrodes. Scale bars, 10 mm.

translational movement of the device. The device will then degrade
in less than 24 hours to enable safe passage and prevent any risk of
tearing, perforation, or discomfort at the sphincters (Fig. 1A). We
hypothesize that the device, by electrically stimulating the ENS and
small intestinal musculature, will increase the motility rate in swine
models of decreased motility.

RESULTS

INSPIRE design

The oral delivery method, need for functional activation, and au-
tonomous passage requirements determined the overall form factor
for the device. Oral ingestion dictated a maximal dimension com-
mensurate with a triple zero capsule (closed length of 26.1 mm, an
inner diameter of 9.55 mm, and a capacity of 1.37 ml), in which the
device, electrical components, and battery were to reside.

To enable electrical stimulation, direct and sustained contact be-
tween the electrodes and the luminal mucosa of the SI is required,
necessitating that the device could withstand and support the mass of
the intestinal tissue above it. To prevent intestinal obstruction, the
device must allow luminal contents to pass alongside itself and be
able to move along the tract autonomously. Because segmental intes-
tinal contractions yield bidirectional flow of chyme to enable fluid
mixture and absorption, the device must also be able to move back
and forth easily. The aforementioned functionalities must be viable in
any orientation of the pill relative to the lumen. As such, an analysis
of intestinal dimensions, folding properties, and pill geometries was
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carried out to determine the primary shape of the INSPIRE (see Ma-
terials and Methods). Folds were prioritized along the longest dimen-
sion to leverage the oval shape of the capsule. Several three-dimensional
(3D) and 2D designs were designed (Catia V5, Dassault Systémes)
and evaluated for the ease of fabrication, compressibility into a cap-
sule, deformation, and ability to pass through a constrained pathway
(fig. S1). Last, an S-shaped design was selected for optimization on
the basis of its simplicity and performance in ex vivo simulations.

Geometry analysis to determine device shape

The unfolding event defined the minimum expanded device size,
d—commensurate with the small intestinal diameter—necessary to
stretch flaccid intestinal tissue and sustain mucosal contact from
any possible orientation. Given a 2D cross-sectional contact frame,
one possibility was a sphere of diameter d. Alternatively, a 2D struc-
ture will flatten from a cylindrical shape to a rectangular shape of
the same surface area.

With no stretch in the vertical direction, because the surface area
of the SI remains constant, the side length of this newly created rect-
angle sheet equals half of the SI's perimeter (nd/2). Consequently, a
circle diameter nd/2 or greater was required. Below, we describe
more detailed design processes and testing for each stage of the de-
vice’s electromechanical performance.

Triggered activation
The device is designed to actuate through a pH-triggering mech-

anism upon contact with duodenal fluid at pH > 5.5. To achieve
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this, a triple zero gelatin pill was coated with Eudragit L 100-55
[poly(methacrylic acid-co-ethyl acrylate)] to achieve a 0.2- to
0.3-mm-thick coating. This polymer dissolves in the pH range pres-
ent in the proximal to middle of the SI (Fig. 1A) (17). The accurate
deployment of the device was assessed in vitro by placing the device
in a bath of simulated intestinal fluid (SIF) at 37°C. The coating dis-
solved within 8.0 + 3.2 min, and all devices were fully expanded
under 10 min (n = 7 trials).

Expansion for luminal contact

The INSPIRE device was designed to make stable luminal contact to
enable robust surface contact of the electrodes that would be posi-
tioned on the outside surface. The force required to luminally dis-
tend the SI 5 mm from its baseline was determined to be 0.1 N,
using segments of freshly harvested swine SI (n = 3 ex vivo samples
with n = 5 independent trials, Instron testing; see Materials and
Methods). A safety factor of two was used to mechanically optimize
the design by varying the thickness and material properties.

Static constraint simulations (Autodesk Fusion 360) were per-
formed on each proposed design while holding forces constant and
varying the polymer material options. Degradable polymers such as
polycaprolactone (PCL) 37,000, polylactic acid (PLA), polyvinyl alco-
hol (PVA) 70,000, porcine gelatin, polyethylene oxide (PEO) 200,000,
PEO 35,000, and (Soluplus, rice starch) were selected for their biocom-
patibility and degradation dynamics. Compression testing was per-
formed on devices injection-molded from these polymers with
diameters of 1.25, 1.5, and 1.75 mm. INSPIREs fabricated from a
high-density polyethylene mixture of PCL (37,000) (35%) and PEO
(200,000) (65%) demonstrated optimal compression and expansive
properties at a thickness of 1.5 mm (fig. S2) because they balanced
necessary rigidity with expansion force and expansion dimension.
With this thickness, the device exerted 0.47 N against the wall of the
pill. Upon expanding in the lumen, it exerted 0.22 N against the in-
testinal wall in orientation 1 (Fig. 1D), stretching the wall by an av-
erage of 5.5 mm (n = 7 trials). As Fig. 1F demonstrates, the device
stretched the intestinal lumen independent of its orientation. In ori-
entation 1, the device yielded a tissue strain of ~46%. Orientation 2
was the least favorable but still resulted in a tissue strain of 25%.
Orientation 3 induced the most strain, up to ~48%. However, be-
cause the intestinal tissue can support strain up to 190% (18), these
strains are safe. The mechanical forces induced on the wall may also
aid in motility by stimulating subluminal stretch-sensitive mecha-
noreceptors. Further, the expansion of the lumen causes flattening
of the intestine on one axis, thereby increasing the surface contact of
the lumen to the surface of the INSPIRE to maximize electrical con-
ductivity.

In benchtop tests, the INSPIRE devices were placed in freshly
excised SI. In all three orientations, 20 ml of chyme collected from
freshly harvest swine ileum were manually injected on the proxi-
mal side of the intestine at a rate of 1 ml/s, fully submerging the
device in its surroundings. The fluid was able to flow past the de-
vice to the distal side and vice versa. This benchtop test ensures
that the device geometry mitigates any obstruction to the bidirec-
tional flow of chyme.

Mechanism of propulsion

Two modes of translation were taken into consideration for device
propagation in the intestines: peristalsis and strain shift. Stretching
of the intestinal lumen activates stretch mechanoreceptors in the
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intestinal wall, which trigger reflexive peristaltic contractions (19).
In the case of depressed or absent motility, electrical stimulation is
expected to trigger axial muscular contractions. In both cases, mus-
cular contractions yield unilateral deformation of the device, storing
energy that the device automatically releases in a spring-back effect.
The INSPIRE then localizes distally to an area with lesser mechani-
cal resistance than the contracted ring, thus propagating in the tract.

Orientation and movement

The INSPIRE must operate independent of orientation and be ca-
pable of moving in both forward and backward directions to accom-
modate the bilateral movement that naturally occurs in the intestines
to mix and propel food. We performed bench tests (n = 5 trials) to
evaluate the orientation-independent excursion of the device and its
ability to squeeze through curves or lumens of smaller diameter
(10 mm), such as those that might be encountered in the turns of the
small and large intestines (Materials and Methods and movies S1
and S2). In all cases, the device was able to pass without obstruction.
The self-propelling ability of the device was evaluated by vertically
compressing the device and measuring its horizontal displacement
(movie S3).

Although the device has a self-propelling capability, its primary
translation through the SI is expected to occur through peristalsis of
the tract. Contractions of the tract will create an area of high me-
chanical resistance proximal to the INSPIRE and yield lateral trans-
lation in the distal direction. To ensure that reverse propagation or
potential obstruction did not occur, we orally administered the
INSPIRE to 10 swine and monitored the progression using x-ray
and endoscopic monitoring every other day. In all 10 of 10 trials, no
reverse propagation or obstruction was observed.

Cyclic deformation

Intestinal peristaltic waves occur at a frequency of 10 to 15 waves/
min and can reach speeds of 1 to 4 mm/s (20). Cyclic testing, with
conditions relevant to the intestinal peristalsis rate, was performed
to ascertain the ability of the INSPIRE to withstand the cyclic peri-
staltic contractions of the intestines while maintaining its mechani-
cal properties. After 30 min (600 cycles) and 60 min (1200 cycles) of
sinusoidal activity, decreases in force of 3 + 0.2% and 6 + 0.3%, re-
spectively, were observed due to the fatigue induced by plastic de-
formation (fig. S2). However, no signs of breaking were observed
upon visual inspection for cracks, discoloration, and fractures, and
the device was still able to expand to make luminal contact, demon-
strating the durability of the device to withstand the intestinal
contractions.

Degradation and passage

The polymers of the INSPIRE degrade with exposure to the basic
pH of the intestine, weakening the mechanical strength of the de-
vice. Swine have passage times that range from 7 to 9 days (21).
Hence, we designed a system that would degrade within 24 hours.
We characterized the progression of degradation in solutions of pH
ranging from 5.5 to 6.8, simulating the progression of the SI envi-
ronment (Fig. 2E) (22). Device degradation was measured by per-
forming compression testing, as described before and in Materials
and Methods. Before each test, devices were dried using Kimwipes
(KIMTECH, Kimberly-Clark) to eliminate moisture on the surface.
At pH values of 5.5, 6.0, and 6.8, the device supports the intestinal
tissue [F (intestinal distension force) > 0.1 N for 3 hours, 2.75 hours,
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Fig. 2. Electromechanical properties of INSPIRE device. (A) Compression testing (n = 3 trials) of the device shows the capacity of the device to support intestinal weight
(0.1 N) while deforming under intestinal contractions. (B) Forces exerted by the INSPIRE (n = 5 trials) in its closed configuration (9 mm) and open configuration (34 mm).
(€) Intestinal tissue strain caused by the device expansion in its three primary orientations (n = 6). (D) Measured impedance of the electrodes (n = 5) inside the pill, in the
expanding state, and once expanded inside the SI. (E) Measured force of the INSPIRE (n = 3) in a simulated intestinal environment with different pH 6.8 (black), 6.0 (blue),
and 5.5 (red). The decrease of the force illustrates the degradation of the device. (F) Electrical stimulation pattern with a 1.5-V silver oxide battery and a 390-ohm resistor
at the output. Representative electrophysiology from swine SI (G) under anesthesia, (H) during stimulation, and (1) electrical stimulation-induced muscle contractions.

and 50 min, respectively. After 4 hours, at any pH, the expansion
force nears zero, facilitating unopposed passage in the colon and
anorectal sphincter regions.

During the first 3 hours in the SI, the overall device geometry of
the device remained largely unchanged because it degraded uniformly
through surface erosion. A reduction of dimension of 57 + 5% of the
INSPIRE was measured, using digital calipers, over the course of
65 min. The location at which the arms bend degrades first, likely
because of local defects induced by INSPIRE compression into a pill.
The tips are secondarily affected, given their large surface area in
contact with the intestinal fluid.

Optimizing electrodes, size, material, and placement

Having validated the mechanical properties of the device for inges-
tion, expansion, movement, degradation, and passage, we optimized
the electrical properties to enable efficacious electrical stimulation.
Strong mucosal contact and impedance were prioritized in the place-
ment and size of the electrodes to facilitate efficient transmission of
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current while minimizing power requirements. Given the S-shaped
design, we opted to place four electrodes instead of two to increase
the chance of contact amid the various orientations possible (Fig. 1F).
Properties were characterized in freshly harvested swine SI with an
intact mucus layer and used within 10 min of euthanasia. Ex vivo
testing of electrode contacts at varying distances yielded a resistance
of 14.5 ohm/mm (fig. S3A), wherein circuit resistance scaled with
contact area by —20 ohm/mm? (fig. S3C). Four electrodes, each
10 mm?, were positioned on either side of the device (Fig. 1, A and C)
to maximize the chance of contact with the lumen. Electronics for
stimulation control and the battery (1.55-V silver oxide) were housed
in the central chamber of the INSPIRE, encapsulated with medical
grade silicone (100 cSt; Liveo 360 Medical Fluid).

We designed a current-controlled stimulation program that deliv-
ers 1-mA pulses at 11 Hz (23), enabling consistent stimulation regard-
less of orientation as long as the tissue-electrode impedance is below
600 ohm. Electrode impedance of the device was measured to deter-
mine contact efficacy with the lumen (n = 5). While encapsulated in
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the pill, expanding, and after making luminal contact, as visualized
by endoscopic video, the impedance of the electrical contacts was
5.2 + 0.19 megohm, 1.2 + 0.18 kilohm, and 438 =+ 0.12 ohm, respec-
tively. Under these conditions, the INSPIRE’s design and electronics
enable delivery of up to 13.5 hours of continuous stimulation.

In vivo assessment of motility restoration

To evaluate the stimulating capabilities of the INSPIRE, electromyo-
graphic signals of intestinal electrical activity were recorded at base-
line and with stimulation. Intestinal slow waves with a frequency of
0.25 Hz were observed at baseline (Fig. 2G). Stimulation delivered
(11-Hz frequency) to the lumen was recorded by nearby electrodes
(Fig. 2H) and elicited contractions from the musculature (Fig. 2I).

We then administered the INSPIRE to swine with unaltered (24—
26) motility (control), anesthesia-induced dysmotility (27-32), and
a model of ileus induced by intravenous glucagon (33-38) to deter-
mine effects on peristalsis and motility. Using high-resolution ma-
nometry (HRM), we characterized the motility at baseline and with
stimulation (30-min segment for each). Representative examples of
the motility pattern over a 10-min segment are showcased in Fig. 3
(A to D), corresponding to the contractions measured in the control
and stimulated conditions. In the representative case, the root mean
square velocity of the signal across all channels was 73% greater than
that in the control condition, a significant increase (P < 0.05, two-
tailed heteroscedastic ¢ test). Across all unaltered swine, the contrac-
tion rate was significantly increased with INSPIRE-based stimulation
from 0.025 contraction/s to 0.036 contraction/s (a 44% increase,
P =0.005, Student’s two-tailed heteroscedastic t test, n = 5). Further,
in a model of anesthesia-induced dysmotility, the contraction rate
was significantly increased from 0.007 to 0.019 contraction/s (a
171% increase, P = 0.2048, Student’s two-tailed heteroscedastic
t test; Fig. 3E; n = 6). Moreover, in the model of induced ileus, the
contraction rate was significantly increased from 0.015 to 0.036
contractions/s (a 140% increase, P = 0.0207, Student’s two-tailed
heteroscedastic ¢ test). These demonstrate consistent increases in the
peristaltic rate of the SI by the device regardless of the baseline neu-
ral activity state of the tissue. Contraction ratios between the stimu-
lated and control conditions within each model further demonstrate
that the INSPIRE has a significantly greater effect in the ileus model,
where baseline neural activation is depressed (Fig. 3F). Movie S5
captures two instances of the device advancing in the SI after in-
duced contractions.

Although INSPIRE-based stimulation of the SI evinced signifi-
cant increases in intestinal contractions, motility is not necessarily
correlated with contractile rate. Consequently, we measured the mo-
tility rate in swine by tracking passage time using a radiofrequency
tracking pill (RFTP) codelivered with a sham pill (control group) or
the INSPIRE (experimental group). For each animal, the RFTPs and
shams or INSPIREs were endoscopically delivered to the duodenum
to mitigate confounds associated with gastric motility or feeding
status of the animal. The RFTPs reported the exact time of defeca-
tion. The average transit time in stimulated animals was significantly
lower at 2.5 + 1.2 (range 4) days as compared with 8.6 + 2.9
(range = 8) days for controls (P < 0.01, one-tailed heteroscedastic
t test; Fig. 4A).

Passage
A passage study of the device was conducted to ensure that the de-
vice could be easily excreted without discomfort at the sphincters
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and anorectal region. INSPIRE devices were tracked using barium
indicators visible with radiography during their course through the
intestines (fig. S7). Radiography was performed using a ZooMax
DIGI x-ray machine (Control-X Medical). Endoscopic assessment of
the lumen after pill administration and passage demonstrated no
overt adverse effects, including inflammation, perforation, infection,
hematological complications, or abrasions (1 = 6 animals). Further,
through studies in terminal and survival settings, we know that the
device does not impede gas and fluid movement, as observed during
endoscopy and the lack of any obstructive side effects. Throughout
all studies (n > 20 animals), veterinary staff and investigators did not
observe any signs of discomfort or changes in behavior.

Biocompatibility

The selected polymers comprising the INSPIRE have established
biocompatibility in humans. PEO (or PEG) is a biodegradable poly-
mer that is US Food and Drug Administration (FDA) approved in
many medical applications, such as laxatives (39) and drug delivery.
PCL is a biodegradable polymer with low cell adhesion and has been
FDA approved for applications including drug delivery (40) and su-
ture (41). Toxicity studies, including those involving a combination
of PCL and PEQ, in rats have indicated no significant toxic effects
(42, 43). Further, our device contains 9.8 mg of copper among all
electronic components, which is below the tolerable upper intake
levels for copper of 10 mg (44). In future prototypes, a more bio-
compatible metal will be used.

To further validate these properties and evaluate the encapsula-
tion methods for the printed circuit board (PCB) and battery on
board, we performed extract exposure tests on Caco2 cells in vitro
using the extracts of the following substances incubated at room
temperature for 7 days, unless otherwise noted: polymer degrada-
tion product, encapsulated battery and PCB as present in the device,
INSPIRE incubated for 1 day, INSPIRE incubated for 5 days, an ex-
posed battery and PCB to survey effects of a damaged INSPIRE, a
toxin serving as a positive control, and saline as a negative control.
After 3, 5, or 10 days of incubation with Caco2 cells, no significant
differences were found among all experimental conditions, whereas
the positive control significantly decreased cell viability (P > 0.05,
one-tailed heteroscedastic t test; fig. S6). These results demonstrate
that the polymer formulation does not present a significant safety
risk and that the encapsulation of the electronics is sufficiently ro-
bust to withstand the intestinal environment.

Further, after treatment with INSPIRE and sham pill in in vivo
studies, tissue sections were harvested, processed, and stained with
hematoxylin and eosin. No differences were assessed between the
control and treated tissues in terms of inflammation, mucosal integ-
rity, and/or infection (Fig. 4, B and C).

DISCUSSION
Overall, this study demonstrates the design of an ingestible pill that
expands and attains luminal contact to facilitate electrical stimula-
tion of the ENS, inducing peristaltic contractions. In both models of
normal intestinal motility and paralyzed ileus, stimulation signifi-
cantly increased the local intestinal contractile rate and the overall
motility of the intestines (P < 0.05). Last, after stimulation, the
INSPIRE degrades and can be safely passed.

We anticipate that the INSPIRE could be either delivered orally or
placed endoscopically in the intestines of patients after abdominal
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Fig. 3. In vivo effect on motility. Baseline intestinal luminal pressure by high-resolution manometry in (A and B) control and (C and D) stimulated conditions. (E) Contrac-
tion rate in control (n = 5), depressed motility (n = 3), and ileus (n = 6) models. (F) Contraction ratio control (n = 5), depressed motility (n = 3), and ileus (n = 6) models. The
ratio is computed as the number of contractions during stimulation divided by that of the baseline. All ratios are higher than one, demonstrating an increased number of

contractions due to the electrical stimulation.

surgery where POl is anticipated. Future studies will further establish
the safety and efficacy and optimize electrical stimulation parameters
to progress toward human translation. Dosing and concurrent ad-
ministration of multiple devices must be evaluated. In addition, the
effect of intestinal stimulation on changes of the intestinal microbi-
ome should be investigated. On the basis of estimates of the material
components and electronics at scale, we anticipate this device to scale
cost-effectively. The material components of the INSPIRE are similar
to those of FDA-approved ingestible devices, such as OROS capsules,
ingestible temperature sensors, and capsule endoscopy systems, yield-
ing comparable environmental considerations (45, 46). Systems to
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retrieve the electronic components from excreted waste must be con-
sidered to minimize the potential environmental complications of
disposing electronic components into common sewage systems.
Components of this design, such as targeted delivery and lumi-
nal contact in the SI, may provide utility for related applications. For
example, the expandable geometries may be used in devices that
could autonomously collect luminal biopsies, deliver drugs directly
into the mucosa, or stroke the mucosa to create parasthetic effects
for diseases such as irritable bowel syndrome. The self-propelling
property could be adapted for self-propelling endoscopy or colonos-
copy capsules and applications requiring autonomous propulsion in
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Fig. 4. Motility and biocompatibility. (A) The INSPIRE significantly decreased the
number of days to pass through the tract, reflecting increased intestinal motility.
(B) Motility rate was assayed by tracking passage time using an RFTP. Scale bar,
10 mm. Representative small intestinal tissue samples from (C) a control animal
treated with a sham pill and (D) an animal treated with the INSPIRE demonstrate no
significant difference. Scale bars, T mm (C and D).

tubular organs. Overall, this device will offer therapeutic options for
POI and potentially other small intestinal conditions with neuro-
logical etiologies or involvement.

MATERIALS AND METHODS

Study design

Various designs for the INSPIRE were created, fabricated, and tested
mechanically, as described below. In vitro and in vivo testing was
then carried out to validate the functionality of the INSPIRE.

Geometry optimization

Three tests were performed to select the optimal geometry. The first
test evaluated the residual deformation generated by encapsulation
in the gelatin capsule. The 3D-printed prototypes made with the du-
rable polyethylene resin of each design were measured with digital
calipers before being housed for 24 hours in a triple-zero gelatin
capsule. Then, each sample was removed from the gelatin pill, and
dimensions were measured after 5 min to enable the device to fully
expand. The second assessment characterized the ease of passage
through constrained areas, mimicking the tortuous pathway of the
intestines to minimize any risk of obstruction. Devices were placed
in a lubricated tube of 25.4 mm in diameter 15 cm before a 2-cm
section restricted to 10 mm in diameter. The prototype was attached
to a strain gauge and manually pulled through the restricted section of
the tubing at an attempted constant velocity of 0.6 mm/s. The maxi-
mal force to pass through the section was measured by the strain
gauge (Nidec Shimpo, FG-3008). The final assessment evaluated the
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self-propelling capability of each prototype. Inside lubricated tub-
ing, prototypes underwent compressions of 10 mm by two opposing
ball bearings. The horizontal displacement of the device in the tube
was then tracked digitally using visual marker and recordings.

3D printing of devices

Initial prototypes for devices were designed and simulated using Au-
todesk Fusion 360 and printed using a Formlabs printer with durable
high-density polyethylene resin. For custom polymer formulations, a
negative mold was designed and 3D printed (Formlabs Form2) using
the High Temp resin. Then, the polymer was heated to 145°C and
injection-molded (S-100, Galomb Inc). Molds were sprayed with
mold release (Universal Mold Release, Smooth-On) and preheated in
an oven (Thermolyne Small Benchtop Muffle Furnaces, FB1415M) at
150°C for 1 hour. The device was left at ambient temperature for
30 min to cool down before opening the mold.

Compression testing

Devices were situated on a custom rig on the Instron 5943 Machine
(Bluehill Universal, V4.28). The compression tests were done using
a 2580-500 N static load cell in a displacement test setting with a
fixed imposed rate of 0.2 mm/s rate over 5 mm and the rate of ap-
plication kept free. The rate of compression and the outward force
exerted by the device were analyzed. Before testing, devices were
loaded into a triple-zero gelatin capsule (XPRS Nutra, NineLife) and
were set in the constrained environment for at least 60 min to ac-
count for any potential plastic deformation induced by the constraint
exerted by the pill. The device was placed between two compression
plates (2501-085, Bluehill), with a custom rig consisting of two
plates (2 cm by 2 cm by 1 cm) squeezing and holding in place the
base of the device while ensuring free movement of the device. Cy-
clic compression testing was performed with 2000 cycles at a rate of
5 mm/s to mimic intestinal peristalsis and to ensure robustness of
composition and detect weak points. These rates were picked to cov-
er the maximal conditions of intestinal peristalsis, which can reach
speeds of 1 to 4 mm/s.

Orientation and movement testing

A custom apparatus was assembled to simulate SI peristalsis. A flex-
ible polyolefin plastic tube (McMaster) with a diameter of 25.4 mm,
length of 30 cm, and wall thickness of 1 mm was used. The tubing
was lubricated using mineral oil to mimic the luminal frictional
properties of the SI. A restricted passage was made using two ball
bearings (8-mm inner diameter, 22-mm outer diameter; McMaster)
fixed 10 mm apart. The tubing was moved at a rate of around 0.6 mm/s
by a stepper motor.

Ex vivo testing of device mechanics
To determine the strains imposed by the device’s expansion, small
intestinal tissue freshly harvested from swine within 10 min of eu-
thanasia was placed in a petri dish and kept moist with Krebs buffer
(Thermo Fisher Scientific) at 37°C. The circumference of the tissue
was measured at baseline, after insertion of the device, and after re-
moval of the device. Measurements were repeated three times for
each possible orientation of the device. Each measurement was per-
formed on an independent sample of tissue to prevent any con-
founds due to repeated deformation.

Further, devices were manually placed in all three orientations
in the tissue sample. Then, 20 ml of chyme collected from freshly
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harvest swine ileum was manually injected on the proximal side of
the intestine at a rate of 1 ml/s using a large syringe feeding into the
lumen, fully submerging the device in its surroundings. We then
surveyed the distal side of the intestinal sample to observe whether
the chyme was able to flow past the device without obstruction.

Luminal expansion testing

A 10-cm freshly harvest swine SI section was clamped on both sides
longitudinally in its rested nominal size in the Instron. A traction
test over 5 mm at a rate of 1 mm/s was performed to stretch the SI of
5 mm from its baseline, and the maximum measured force was re-
corded (Instron Bluehill).

Strain determination in ex vivo intestine

Two methods were used to measure SI strain: physical measurement
of intestinal perimeter using digital calipers and quantification of
photographs of the samples (Image]). Intestinal dimensions were
measured pre- and post-device insertion in three orientations on
different parts of the intestine from two swine.

Polymer formulation and dissolution assay

After optimization of the design using the durable 3D-printed resin,
we transitioned to polymer formulation to fabricate the device out
of degradable materials to enable easy passage. Mixtures of gelatin,
PCL (37 kDa), and PEO (200 kDa) were mixed at 90°C using a mixer
(Mix-Molder System M100, Galomb Inc.). Then, the polymer mix-
ture was injection-molded at 90°C (benchtop injection molder S-100,
Galomb Inc.) into a dog bone shape. Dog bone dimensions approxi-
mated the S curve dimensions with a length of 26 mm, a thickness of
1.5 mm, and a minimum width of 1.5 mm.

To offset the onset time of dissolution, devices were also dip-
coated with Eudragit S100. Acetone (342.9 g), isopropanol (514.2 g),
and water (42.9 g) were mixed. Then, 62.50 g of the Eudragit poly-
mer was added to 50% of the diluent mixture and stirred for 60 min
using a RCT basic IKAMAG at 200 rpm. At the same time, 6.25 g of
triethyl citrate and 31.25 g of talc were added to the remaining dilu-
ent mixture and stirred for 10 min. The excipient suspension was
then added to the Eudragit suspension, stirred for 5 min, then
passed through a 0.5-mm sieve. Devices were dipped manually three
times in the solution at 1-hour intervals and dried at room tempera-
ture. Each dipping added 30 mg + 2 mg (n = 5) of coating.

SIF was prepared by mixing 6.8 g of potassium phosphate mono-
basic (Sigma-Aldrich) with 0.896 g of NaOH (Sigma-Aldrich) in
1 liter of distilled water. The pH was confirmed to be 6.8 using the
Mettler Toledo FiveGo pH meter. Dog bones of each formulation
were placed in tubes filled with 35 ml of SIF at 37°C and shaken at
50 rpm for 3 hours to simulate the intestinal movement present in
the body. Dog bones were retrieved; gently dried with a paper towel;
and photographed at 0, 15, 30, 45, 60, and 90 min each. Mechanical
properties were assessed by folding each device in half and releasing.
The spring-back force was measured using a tensile-testing machine
(Instron, Bluehill).

Impedance testing

A 15-cm segment of SI, freshly harvested from swine, was sectioned
longitudinally through a single incision, generating a rectangular
tissue segment while keeping the mucus layer intact. Then, two elec-
trodes at varying distances from one another (5, 10, 30, or 40 mm)
measured circuit resistance and bipolar impedance using an LCR
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meter (Keysight E4980A/AL Precision) with a two-terminal setup at
100 kHz at 0.5 mA. Electrode surface area was optimized to balance
contact area with the intestinal mucosa for stimulation while mini-
mizing the overall impedance. Copper electrodes of varying sizes
(10, 25, or 50 mm?>) were placed at a distance of 30 mm on the intes-
tinal lumen because 30 mm corresponds to the maximal distance
between electrodes on the expanded INSPIRE. Resistance and im-
pedance were measured before placement, in SIF alone, and on the
luminal surface (n = 5 trials).

Circuit design

A custom PCB was designed to output a frequency of 11 Hz, a high
pulse width of 715 ps, and a pulse width of 120 ms, powered by a
single 1.5-V silver oxide coin battery. Figure S8 provides a circuit
schematic along with the details of the components used. A silver
oxide 27-mAh battery (Digikey) with a capacity of 1.55 V, weight of
0.40 g, diameter of 6.8 mm, and height of 2.6 mm was selected for
the INSPIRE. Taking into account the current consumption of 1 mA
by the board and an additional 1 mA for the stimulation, the device
can theoretically deliver 13.5 hours of continuous stimulation.

Animals and treatments

All animal surgeries were reviewed and approved by the Committee
on Animal Care at the Massachusetts Institute of Technology (MIT)
and adhered to Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines and the NIH guide for the care and use of
laboratory animals. Randomization was performed in the selected
animals by blinding the operator with respect to whether stimula-
tion was performed or not. All large animal studies were performed
in a swine model (50- to 80-kg female Yorkshire swine). These were
acquired from Cummings Veterinary School at Tufts University
(Grafton, MA) ranging between 4 and 6 months of age. The swine
model was chosen because its gastric anatomy is similar to that of
humans and has been widely used in the evaluation of biomedical
gastrointestinal devices (47). For survival studies, swine were anes-
thetized with an intramuscular injection of dexmedetomidine
(0.03 mg/kg) and midazolam (0.25 mg/kg) and intubated and main-
tained on 2 to 3% isoflurane in oxygen. For terminal studies, pigs were
sedated with an intramuscular (IM) injection of Telazol (tiletamine/
zolazepam) and xylazine and given atropine via intramuscular in-
jection. After intubation, anesthesia was maintained with isoflurane
(1 to 3% in oxygen). Swine were fed Labdiet mini-pig grower pellets
(5081) at 7:30 a.m. and 3:30 p.m. and a snack of fruit between 11 a.m.
and 12 p.m. during studies. Endoscopy was performed in animals
that were fasted overnight.

Three models were used to create conditions of dysmotility. In a
survival experiment, anesthesia for less than 1 hour provided a 40 to
50% (24, 26, 48) reduction in motility. In terminal studies, anesthe-
sia and deep sedation were used to induce a state of greater dysmotil-
ity (30-32, 48). Last, we created an animal model of ileus, wherein
glucagon was intravenously injected at 10 to 14 mg per 50 kg of ani-
mal. On the basis of prior reports, this treatment results in a state
commensurate with ileus where gastrointestinal transit is delayed by
more than 50% (14, 33, 37).

At least 25 min of SI motility were captured at baseline and after
induction for each case. To do so, an orogastric tube or overtube was
placed with the guidance of a gastric endoscope and passed through
the stomach into the SI. A high-resolution manometer (ManoScan
360, Medtronics) was inserted through the overtube to the SI and
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recorded 25 min of baseline motility to assess the control condition.
Then, encapsulated INSPIREs were placed into the SI. The correct
deployment of the device was verified through endoscopic video,
and the impedance of the electrodes was measured at 5-min inter-
vals. Once the device was in place and correctly deployed, stimula-
tion was initiated for 25 min, while the motility was recorded using
manometry. During terminal experiments, a ventral midline lapa-
rotomy was performed to access the SI. A 0.5-cm incision was made
in the intestinal wall to insert the device and manometer.

Electrophysiology

Electromyography signals were captured by placing electrodes on
the SI close to the stimulation point and were measured using the
Intan RHS 16-channel stimulation and recording controller (part
#M4200) with a recording frequency of 10 kHz.

Motility assessment

A customized radio frequency (RF) tracking capsule comprising a
Bluetooth low energy module 5.3 SoC (nRF52832, Nordicsemi) and
a sensor (BME688, Bosch Sensortec) capable of sensing ambient
temperature, pressure, and humidity was devised. The RETP was en-
capsulated in a standard double-zero size capsule (outer diameter of
8.18 mm and overall closed length of 23.3 mm) together with epoxy
(3M, DP100-CLEAR). The RFTP was composed of a Bluetooth SoC,
thermistor, and batteries. The SoC with form factor of 5 mm by 5 mm
integrates a Bluetooth module, Cortex-M4 with floating point unit
(FPU), and antenna. The tracking was enabled by detecting the RF
intensity attenuation by the tissue and the temperature, humidity,
and barometric pressure variations to differentiate the capsule’s lo-
cation inside the animal body. An external RF station (nRF52 DK)
was placed 1 m away from the animal near the housing to measure
the RF intensity, reading the data from the sensor via Bluetooth. The
temperature of RFTP inside the gastrointestinal tract was always
above 38°C, and it dropped to room temperature (20°C) after excre-
tion. All the PCBs were designed via Altium and manufactured via
Bittele Electronics. The circuit schematic is provided as part of the
Supplementary Materials. These RFTPs were administered to swine
endoscopically in the SI along with a sham or operational INSPIRE
pill at the same time. Transit times were then captured and com-
pared between the treated and control groups.

Analysis of motility

The recorded HRM data were analyzed in MATLAB and processed
through the following steps. Data were detrended to remove base-
line drift occurring as a result of positional changes. Moreover, to
remove the high-frequency artifact of respiratory rate (around a fre-
quency of 0.5 Hz), a low-pass filter was applied. This low-pass filter
does not overlap with the intestinal contraction rate of 10 to 14 con-
tractions/min (0.2 Hz). Then, a peak detection algorithm was ap-
plied, with a minimum amplitude at 2 mmHg, area under the curve
of 4 mmHg/s, and a minimum duration of 1.5 s. Visual inspection
was used to confirm the peaks selected.

Passage study

Devices instrumented with radiopaque barium beads (BIPS, MediStore)
were administered to the swine to determine the transit time and
ensure safe passage of the devices. After administration of the device,
swine were radiographed on day 0 and then on day 7. Using the
barium trackers, progress and passage of the device were tracked.
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Biocompatibility testing
We performed an extract exposure (49) test following ISO norms
(10993-5) to evaluate the toxicity of the scaffold material. The fol-
lowing conditions were tested: the device (350 mg) [made of PEO
(200 kDa; 66%) and PCL (37 kDa; 33%) in 30 ml of phosphate-
buffered saline (PBS) (Thermo Fisher Scientific, J62036.K3], the de-
vice with uncoated silver oxide battery and PCB stimulator board in
30 ml of PBS, the device with polydimethylsiloxane (PDMS)-coated
battery and stimulator board in 30 ml of PBS, and the device with
PDMS only in 30 ml of PBS. The different samples were stirred at
37°C for 5 days, and 2 ml of solution was collected at 0.5-day intervals.
Moreover, different quantities of the polymer formulation (0.5, 1,
or 2 g) were immersed in 20 ml of PBS and stirred at 37°C. Two mil-
liliters of solution was collected after 7 days. Then, 100 pl of fetal bo-
vine serum (Thermo Fisher Scientific, MFCD00132239) was added to
each 900-pl aliquot of the samples and used to treat Caco2 cells (Koch
Center for Integrative Research Repository) plated in a 96-well plate
in triplicate. A negative control of untreated media and positive con-
trol of media containing MG-132 at a known concentration were also
performed. At 24 and 72 hours, cell viability was measured through
quantitation of adenosine 5'-triphosphate using CellTiter-Glo
(Promega, USA) using a Tecan M1000Pro (Tecan Group, CHE).

Histological assessment of tissue

After euthanasia, the segment of intestine in which we placed the
INSPIRE was harvested from each animal. All tissues were fixed in
4% paraformaldehyde, paraffin-processed, embedded, and then sec-
tioned. Tissues were stained with hematotoxylin and eosin to study
general structure and survey for potential trauma.

Statistical analyses

Quantitative data are reported as mean (+SD) or as a range when
appropriate. The normality of the distributions was checked by the
Shapiro-Wilk test. Comparative analyses were performed using Stu-
dent’s heteroscedastic two-tailed ¢ test, unless otherwise noted.
P < 0.05 was considered significant.

Supplementary Materials
This PDF file includes:
Figs.S1to S8

Other Supplementary Material for this manuscript includes the following:
Movies S1to S5
MDAR Reproducibility Checklist
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