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Gastrointestinal (GI) dysmotility and associated conditions affect over 20% of
population, yet pharmacological, behavioural, and surgical interventions offer
limited therapeutic efficacy. Targeted electrical stimulation addressing
underlying neuromuscular pathology stands to transform our ability to treat
dysmotility. Here, we developed a closed-loop GI neuroprosthesis which
activates or relaxes Gl tract musculature through electrochemical stimulation
in response to sensed food stimuli. We additionally describe a tool supporting
minimally invasive endoscopically guided implantation that can penetrate the
mucosa, accurately localize the submucosa, and safely deploy this device to
directly interface with the enteric nervous system. The neuroprosthesis
enables generation of coordinated peristaltic waves, significantly increasing
the motility rate in a swine model of oesophageal and stomach dysmotility
(p <0.05, student’s t-test). Further, by directly modulating the myenteric
plexus and thus mimicking meal ingestion, we induce peristalsis in a fasted
state and achieve a metabolic response commensurate with a fed or satiated
state. This neuroprosthesis and implantation platform expand opportunities
in fundamental studies and treatments of metabolic and neuromuscular
pathologies affecting the GI tract.

Gastrointestinal (GI) motility is orchestrated by multiple coordinating
mechanisms, such as autonomic neural control (sympathetic and
parasympathetic pathways) and ICC (interstitial cells of Cajal) that act
as slow-wave pacemaker cells. Together, these mechanisms yield
peristaltic waves that churn and propagate food through the Gl tract'.
Motility disorders of the oesophagus (gastroesophageal reflux disease

(GERD), achalasia, and dysphagia) and stomach (functional dyspepsia,
gastroparesis) affect more than a fifth of the population® and manifest
in substantial morbidity, mortality, and economic burden®*. While
aetiologies range from diabetes and postsurgical complications to
neural degeneration and hormonal imbalances, current pharmacolo-
gical treatments are rarely targeted in mechanism or delivery’. Even
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with surgical intervention, restoration of peristalsis for conditions like
achalasia, GERD, and gastroparesis remains inadequate®’. Con-
spicuously, in 50% of GERD patients who receive fundoplication sur-
gery following ineffective antisecretory pharmacotherapy, 62% require
remedication after a decade®. In addition to its role in transporting
food, motility also plays a key role in satiety. Following meal ingestion,
gustatory secretions, oesophageal stretch’, and gastric distension eli-
cit afferent vagal signalling to the brainstem nuclei'® regulating gastric
motility”, appetite, and satiety in a feed-forward manner™. Dysmotile
Gl organs lacking such physiological mechanotransduction and affer-
ent signalling alter perceptions of satiety and hunger leading to det-
rimental behavioural consequences”™.

As an alternative to surgical and pharmacological intervention,
electrical stimulation (ES) of the GI tract has been investigated since
the 1960s, although few approaches have been successfully clinically
translated and deployed as approved interventions'*" (Supplemental
Table 1). Targeting the vagus nerve, the EnteroMedics Maestro VBLOC
which consists of a cuff electrode wrapped around the vagus nerve
(stainless steel lead encased in silicone, with platinum/iridium tip and
ring stimulating electrodes; 2 ring and 2 tip electrodes), has been
approved for obesity. Implanted in the serosa of the stomach, the
Enterra (Enterra Medical; 2 platinum/iridium electrodes, 1 mm wide,
with stainless steel lead encased in silicone rubber) gastric neuro-
stimulator received FDA'™ approval under humanitarian device
exemption for chronic, intractable nausea and vomiting due to gas-
troparesis, while the IntraPace abiliti (two bipolar pairs of sensing
electrodes in fundus and stimulating electrodes in the vagal branch)
have been received CE approval for obesity. Finally Medtronic’s
Interstim system targeting the sacral nerve (multi-ring electrode array)
has been approved for the treatment of faecal incontinence'. Current
ES devices, however, have shown inconsistent effect on gastric
emptying'®**?, This is likely because a single or few current sources
producing constant pulse sequences may not be able to adequately
replicate the spatial and temporal complexity of gastric signalling to
restore function in a paretic state. Especially in pathologies affecting
motility, the electrophysiological pathways underlying peristalsis may
be affected. Thus, stimulation of a small group of cells may be inade-
quate to restore the natural signalling pathways responsible for peri-
stalsis. Furthermore, Gl peristalsis, like many processes involving the
central and peripheral nervous system, is a closed-loop process, trig-
gered by stimuli, such as temperature, irritants, and pressure in the
oesophagus, as well as distension, nutrients, and chemical signalling in
the stomach®. The open loop systems of current devices may con-
tribute to their variable effects, misalignment with natural GI peri-
stalsis, food intake, and neurochemical physiology, and in some cases
create neural adaptation that renders stimulation less effective with
time. Closed-loop systems for neural implants such as deep brain sti-
mulators that sense epileptic seizures and respond with the appro-
priate stimulation are demonstrating significant advances over their
open loop counterparts. Finally, despite a wide spectrum of para-
meters having been investigated for GI ES (ranging from 0.2 to 500 ms,
3 to 50maA, 3 to 1670 Hz, and durations spanning from 30 minutes to
24 h), there is no consensus on conditions for triggering peristalsis
(Supplemental Table 2)'%%,

To coordinate peristalsis, it is likely advantageous to directly
interface with the deep-set, distributed enteric plexi and circular
muscle layers. However, this necessitates invasive surgery or
advanced endoscopy methods. An example of such an advanced
endoscopy method aiming at manipulating submucosal layers is the
natural orifice transluminal endoscopic surgery (NOTES), which
requires invasive dissection of the submucosal plane paired with
continuous visualization. While promising, this recent technique has
seen limited adoption by physicians as it requires specialized
training.”**. Altogether, there remains an unmet clinical need for an
implantable device that can directly interface with the myenteric

plexus and support closed-loop sensing and actuation to restore Gl
peristalsis.

Here, we describe an implantable GI neuroprosthesis which ani-
mates Gl peristalsis via closed-loop, multichannel, electrical and che-
mical stimulation in response to sensed food stimuli. The
neuroprosthesis features ES contacts longitudinally spaced at 1cm
intervals along the submucosal plane, mirroring the spatial arboriza-
tion of distal myenteric nerve roots (Fig. 1a)’.

We envision that a patient implanted with this device would
undergo a period of monitoring to analyze their specific motility pat-
terns. These data would then inform a customized sensing and
actuation control paradigm using the device’s multichannel contacts,
which can be modularly adjusted based on the patient’s needs. By
interfacing directly with the ENS and muscularis, our device can bypass
the disrupted signalling and directly stimulate the tissue to generate
peristaltic contractions. In this study, we demonstrate the functionality
of our device using seven channels, which provide greater spatial and
temporal control of paralysed Gl tissues compared to current
implants. As we continue to refine our understanding of the spatio-
temporal signalling dynamics in the oesophagus and stomach, our
device is designed to scale to accommodate a higher number of
channels, further enhancing its therapeutic potential.

To overcome challenges associated with submucosal implanta-
tion of a miniature neuroprosthesis, we design an endoscopic tool that
enables anatomically precise, minimally invasive deployment of the
neuroprosthesis (Fig. 1b). We demonstrate that this tool can precisely
incise the mucosa, accurately identify, and dissect the submucosa, and
safely implant the neuroprosthesis. Once implanted, we coupled the
neuroprosthesis to a stimulation controller programmed to mimic
physiological vagal efferent signalling® and generate coordinated
peristalsis. We hypothesize that the neuroprosthesis will produce
peristalsis in a paretic oesophagus or stomach in response to food
stimuli (Fig. 1c). With the capability to mechanically actuate the organ,
the neuroprosthesis can also induce artificial afferent mechan-
otransduction. By activating stretch-sensitive vagal afferents mimick-
ing food ingestion in the fasted state, we hypothesize that
neuroprosthetic stimulation will induce changes in satiety hormones
that are commensurate with a fed state.

Results

Design and fabrication of GI neuroprosthesis

The neuroprosthesis was designed for effective electrical and chemical
stimulation of oesophageal and gastric tissues, endoscopic delivery,
and biocompatibility with submucosal tissues. The device form factor
(1.25+0.10 mm diameter) was chosen for deployment through the
working channels of standard endoscopes (2.8-3.2mm), while
mechanical flexibility assured its resilience during endoscopic
implantation and ability to form stable interfaces with the mobile GI
tract (Fig. 1a). We studied the neuromuscular signalling patterns which
give rise to peristaltic activity ex vivo to recapitulate them with the
neuroprosthesis (Methods); sequential activation of myenteric bran-
ches in the muscularis elicited peristalsis of the arborized muscle
segments in both circular and longitudinal muscle layers, which
synergize for peristaltic movements’. These informed spacing and
placement of the neuroprosthesis in the submucosal layer on top of
the muscularis.

To create a multimodal neuroprosthesis, we applied a fibre
drawing process recently adapted for fabricating multifunctional
neural probes®**, During fibre drawing the macroscale template of the
neuroprosthesis was transformed into the mm-scale fibre through
application of controlled heat and stress (Fig. 2a-c). The final design
included 7 electrodes composed of stainless steel, commonly used to
deliver ES in laboratory, surrounding a microfluidic drug delivery
channel within a polycarbonate cladding, chosen for its biocompat-
ibility. To integrate high-melting temperature (T,,) stainless steel
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electrodes into the polycarbonate cladding with significantly lower
glass transition temperature we leveraged a material convergence
technique®. Stainless steel was selected as the electrode material due
to its biocompatibility, robustness, wide accessibility, cost-effective-
ness, and ease of integration into implantable devices. The electrodes
were subsequently exposed along the fibre surface through laser
etching of the polymer cladding. The electrochemical surface area at
the electrode-tissue interface was optimized to maximize current
injection and reduce impedance (see Methods, Supplemental Fig. 1).
To insulate the stainless-steel electrodes at the tip of the device, 5-min
epoxy (DevCon) was applied to the electrodes while avoiding the
lumen of the microfluidic channel.

Note, that while stainless steel was chosen for these practical
reasons, alternative materials with higher charge injection capacity,
such as platinum, iridium oxide, or carbon nanotube yarn, can be
straightforwardly implemented to enhance performance and clinical
utility of the device. Additionally, coatings and electrochemically
deposited materials can be considered for further improving the
electrochemical properties of the electrodes in subsequent iteration of
this work.

To characterize the electrical and electrochemical properties of
the stimulating electrodes exposed by laser etching, we first per-
formed electrical impedance spectroscopy. The areal impedance
values recorded at 100 Hz, 1kHz and 10 kHz were 4.95+1.04 kQ/
mm?, 1.20 + 0.22 kQ/mm?, 0.51 + 0.08 kQ/mm?, respectively (Fig. 2d).
Using cyclic voltammetry at a slow sweep rate of 20 mV/s* we
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Fig. 1| Closed-loop gastrointestinal neuroprosthesis and minimally invasive
submucosal implantation tool. a The neuroprosthesis augments oesophageal
and gastric motility through multichannel electrical and chemical stimulation.
Insets demonstrate patterned electrode contacts which mimics physiological sig-
nalling and the cross section, dimensions, and layout of the implant. b The sub-
mucosal implantation tool facilitates minimally invasive and precise implantation
through the following steps: (1) The sheath is passed through an endoscopic
channel. While the self-expanding nitinol hook pulls counter tension on the luminal
wall, the penetrating needle incises the lumen and advances until the submucosa is
localized based on tissue impedance; (2) Hydrodissection separates the submucosa

estimated the water-stability window between potentials of +1.37 and
-1.25V vs. Ag/AgCl, which mark the onsets of oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER), respectively
(Fig. 2e). Charge injection capacity (CIC) of the electrodes was then
determined based on voltage transients in response to biphasic,
symmetric rectangular current pulses (half-phase period = 100 psec,
interphase delay = 33.3 psec) ranging in amplitude between
0.5-10 mA (Fig. 2f, g). Since the onset of HER (le” transfer reaction)
was found to be lower than that for OER (4e” transfer reaction), the
former potential limit was used to calculate the CIC values. To assess
the stability of the electrode, we measured the maximum cathodic
potential (E.,.) defined as the most negative polarization across the
electrode-electrolyte interface®*”. The E,. of stainless-steel electro-
des was below the water reduction potential of -1.25V for current
amplitude <10 mA (Fig. 2g, and Supplemental Figure 2a) suggesting
safe use of these electrodes at these amplitudes. We additionally
conducted accelerated aging tests of the neuroprosthesis in phos-
phate buffered saline (PBS) by applying 144 x 10° biphasic pulses with
4 maA, the target stimulation amplitude of 2 mA with a safety factor of
two. The maximum cathodic potential (E;,.) measured after 9 M,
18M, 36 M, 54 M, 72 M, 90 M, and 144 M pulses remained below the
water reduction potential of -1.25V indicating long-term stability of
the electrodes (Supplemental Figure 2b-c). We observed a slight
increase of the absolute value of the E,. after 144 M pulses; which
corresponds to approximately 8 years of use, assuming 58.6 volun-
tary swallowing events per meal*®, one spontaneous swallowing per
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from the muscularis; (3) A guidewire is advanced to dissect the plane along the
curvature of the organ and ensure accurate localization through impedance mea-
surement. 4) The neuroprosthesis is inserted into the submucosal space.

¢ Schematic (top) outlines the system design wherein closed-loop sensing and
actuation is performed. d Upon sensing a bolus of food (peach), programmed
patterns of ES (red) and/or chemical stimulation (blue) contract and inhibit the
neuromusculature appropriately to recreate peristalsis. Graphical representations
in b and d are not to scale. PC: Polycarbonate, SS: Stainless steel, PFA: Perfluoro
alkoxy alkanes, EMG: Electromyography, LES: Lower oesophageal sphincter. We
thank Virginia Fulford for her contributions to the illustration of this figure.
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Fig. 2 | Fabrication and characterization of the closed-loop gastrointestinal
neuroprosthesis. a-c Schematic of the thermal drawing process (a) during which a
macroscopic preform (b) is heated and stretched into a (¢) mm-scale device. During
this process, stainless steel microelectrodes are fed into the preform and embed-
ded into the final device. d Electrochemical impedance spectrum of the 0.2 mm x
5 mm stainless-steel electrodes. (1 device, 7 electrodes, shaded area represent the
standard error of the mean), e Cyclic voltammogram of the stainless-steel elec-
trodes in phosphate buffered saline (PBS). f Representative potential transient

response to a +4 mA symmetric, biphasic current pulse of 100 psec half-phase
period and a 33.3 psec interphase delay, and estimation of the maximum cathodic
potential Epc. 8 Enc Of the electrode following 0.5, 1, 2, 3, 4, 5, and 10 mA current
pulses. h Accelerated aging of the electrode: Cyclic voltammogram before and after
the accelerated aging experiment (144 M pulses). i Schematic representation of the
final form of the neuroprosthesis, highlighting the length and the spacing of the
exposed electrodes. PC: Polycarbonate, SS: Stainless steel, PFA: Perfluoro alkoxy
alkanes, uF: microfluidic channel, Ag: Silver, AgCl: Silver Chloride.

minute while awake, and three swallowing events per hour while
asleep®, each assisted by the neuroprosthetic stimulation. Addi-
tionally, a cyclic voltammogram collected following the accelerated
aging of the electrodes confirmed their stability at 4 mA current
amplitude (Fig. 2h). Note, that accelerated aging tests in PBS may not
fully replicate physiological conditions. To evaluate the impact of
repeated mechanical deformation during peristalsis on the electro-
des, we measured the electrical impedance and E,. (2mA current)
following 1, 10, 100, 1000, and 10000 buckling cycles (10 cm long

fibre, 5mm displacement, 1cm/sec). The impedance value varied
between 3 + /- 1 kQ while the E,,. remained below the water reduc-
tion potential of -1.25V, demonstrating that the electrodes were not
significantly affected by the repeated deformation (Supplemental
Figure 2d, e). Further, to evaluate the changes in electrochemical
properties during mechanical deformation (peristalsis), we per-
formed electrical impedance spectroscopy and cyclic voltammetry at
a sweep rate of 100 mV/s between 1V and -1.2V vs. Ag/AgCl at rest
and when the fibre was bent (10cm long fibre, clamped, 5mm
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longitudinal displacement). The areal impedance value and the CV
curves were not substantially affected by the mechanical deforma-
tion (Supplementary Fig. 2 f-h) Finally, we characterized the
mechanical properties of our neuroprosthesis. The neuroprosthesis
exhibited bending stiffness values between 516-645N/m over the
frequency range of mammalian locomotion, respiration, and heart-
beat (Supplemental Fig. 3). The tensile behaviour of the neuro-
prosthesis in the elastic regime was dominated by the properties of
polycarbonate with a Young’s modulus E=10.1+0.66 GPa (n=3)
(Epolycarbonate = 2.2 GPa, Egtee1 =200 GPa). The hollow core of the
miniature neuroprosthesis contributed to its substantially reduced
flexural modulus Ef=400.0+15.0 MPa (n=3) as compared to the
flexural modulus of a solid polycarbonate beam (2.3 GPa). Com-
paratively, most electrodes made for deep brain stimulation (DBS)
consist of platinum-iridium wires encased in a polyurethane
sheath*®, and typically have a Young’s moduli in the range of
10-1000 MPa dominated by the properties of polyurethane®..

Design and validation of submucosal implantation tool

A minimally invasive submucosal implantation tool was designed with
the considerations of endoscopic incision, anatomic localization, dis-
section, surgical risk mitigation, and precision control availed at a
length of two meters through the 2.8-3.8 mm working channels of
standard endoscopes* (Fig. 1c, and Supplemental Fig. 4, and
Methods).

Given the shallow angle of attack for endoscopic incision, a needle
profile capable of low-force incision of the distensible mucosa without
slipping is required to prevent trauma or perforation. Building on prior
optimization of needle tips (Methods)*?, we evaluated the following
geometries: triple grooved tip, pitchfork shape, standard bevel (25¢g
and 19 g), curved tip, broad base, and dual point (Fig. 3a, and Sup-
plemental Fig. 5) with and without a self-expanding nitinol hook which
applies a stabilizing counter force. For all geometries, 20° angle of
attack on porcine stomach and oesophageal tissues resulted in higher
forces as compared to 90° (Fig. 3b, p<0.05, student’s t-test, n=5
trials). At 20° angle, the curved design with the nitinol hook provided
the greatest reduction in force as compared to standard 19- and 26-
gauge needles (p < 0.05, student’s t-test, n =5 trials) and was selected
for the submucosal implantation tool. In vivo, the tool’s incision in the
oesophagus and stomach measured 1.8 + 0.3 mm and 2.12+ 0.12 mm
(n=3 each), respectively. No stretching, sliding, or tearing of tissue
were observed.

While visualizing the stomach using laparoscopic ultrasound, the
tool’s needle was endoscopically introduced into the lumen and
sequentially advanced through each layer to the peritoneum, while
monitoring impedance and position (Fig. 3c-f). Each impedance
recording was performed at 1kHz and required 1-2 seconds of stable
positioning.

We found that the impedance as measured by the nitinol guide-
wire values in the submucosa and muscle layers were two orders of
magnitude lower than the lumen, mucosa, serosa, and peritoneum
(Fig. 3g, n=6 per anatomic location in the one animal, p <0.01, stu-
dent’s two-tailed heteroscedastic t-test), enabling localization of the
submucosal layer. Hydrodissection with saline was performed to
separate planes, and the device was inserted into the submucosal
space. Following insertion saline was suctioned, collapsing the mus-
cularis propria and the mucosa layer around the prosthesis. The sub-
mucosal implantation tool accurately localized and enabled dissection
of the submucosal plane following the natural curvature of the oeso-
phagus and stomach ex vivo (n=7) and in vivo (n=4) without per-
foration, haemorrhage, haematoma, blood loss, or gross tissue trauma
(Fig. 3h, i and Supplemental Fig. 6). Histological tissue analyses cor-
roborated accurate identification of the desired plane and effective
separation of muscularis planes and revealed no unanticipated tissue
damage (Fig. 3j, k). Methylene blue dye injected during

hydrodissection and histological indicator stains were identified
exclusively in the targeted locations. The main endoscopic stages of 1)
localization & dissection, 2) implantation and 3) closure are shown in
Fig. 31-n.

Our tool overcomes key limitations of previously reported
approaches such as NOTES, including postoperative recovery, and
complexity and cost of implementation**. Furthermore, the ability to
accurately localize and safely hydrodissect the submucosa using a
single tool and a working channel of an endoscope creates new
opportunities for submucosal implants.

Design of closed-loop controller and optimization of stimula-
tion and sensing parameters

To mimic physiological peristalsis, we designed a trigger-based
controller that executes an ES pattern to active neuromusculature in
a coordinated fashion upon sensing a bolus of food in the oeso-
phagus (Fig. 4a, and Supplemental Code 1). System operation com-
prises three stages. (1) A bolus of food is detected by measuring the
impedance value at the proximal electrode, which is used as a proxy
for mechanical force applied at that electrode. (2) After the impe-
dance value crosses a set threshold, an electrical stimulation pattern
is triggered, based on parameters optimized in in vivo and ex vivo
models. The peristaltic wave begins at the first electrode and then
propagates to each subsequent electrode with a time delay of 1 s until
it reaches the most distal electrode. (3) Following the termination of
the stimulation train, a 5second refractory period is enforced to
mimic natural deglutitive inhibition. After the refractory period, if a
bolus of food (the same or the subsequent one) is detected at elec-
trode 1, the cycle begins anew and another peristaltic wave is initi-
ated. The controller’s stimulation parameters (Supplemental Table 3)
can be tailored to a specific disease and patient physiology. We
applied our controller in a model of induced functional oesophageal
paresis and depressed gastric motility (Methods). ES stimulation
parameters were optimized through a comparative characterization
of peristaltic dynamics using in vivo and ex vivo models using com-
mercial electrodes. For the oesophagus, stimulation parameters
spanning commonly reported values from literature were evaluated
(frequency: 20, 40,100 Hz | peak-to-peak amplitude: 1, 2, 3, 4, 6, 8 mA
| pulse train length: 0.5, 1, 3s | n=4 animals | 10 repetitions of each
condition, Fig. 4b-e, and Supplemental Table 2). Neural activation
was expected at pulse widths of 100 ps while longer widths were
anticipated to activate muscle directly’®. Image analysis enabled a
calculation of the percentage of closure in the oesophageal lumen
(Fig. 4f-g). At a 40Hz 1s pulse trains, 2mA, 100 ps pulse width
yielded complete oesophageal closure, with higher amplitudes
leading to fractional closure due to muscle fatigue or hypertonicity
(Fig. 4b). Utilizing a 2-mA amplitude and 0.5 s pulse train, a frequency
sweep revealed that 40 Hz stimulation produced sustained oeso-
phageal contraction with 89 +4% closure (Fig. 4c). At 2mA and
40 Hz, a sweep of pulse train lengths revealed no significant differ-
ence between conditions (Fig. 4d, p<0.05, student’s t-test, n=4
animals). Thus, 40Hz, 2mA and 100us pulse width, 0.5s pulse
duration, which enabled complete, repeatable, oesophageal closure
were selected for the closed-loop controller for oesophageal hypo-
motility (Supplemental Table 4). EMG graded monotonically with
stimulation amplitude (Fig. 4e between 0.25-4.0 mA, availing a linear
stimulation-response relationship for controller optimization. Ex
vivo, point source stimulation activated neuromusculature
7.2 £4.5 mm proximally and distally (n =35 trials) motivating 10 mm
electrode spacing on the neuroprosthesis. Electrically stimulated
segments relaxed (full opening) 1.7 + 0.3 s following the end of the
pulse trains. Thus, oesophageal ES was programmed to repeat at 1s
intervals consistent with normal swallowing dynamics characterized
by temporal overlap in the distal and proximal segment contraction
mitigating reverse propagation®.
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Fig. 4 | Optimization of Electrical Stimulation for Oesophageal and Gastric
Motility. a Disease-specific controller scheme of the myenteric neuroprosthesis
highlighting the proof-of-concept model for hypomotility. b-e The ES parameters
of (b) amplitude, (c) frequency and (d) pulse train length were optimized for
oesophageal contraction time using ex vivo and in vivo models. (n =4 animals | 10
repetitions of each condition, mean and standard deviations are plotted) e An
amplitude sweep of the ES parameters (with a set frequency of 40 Hz, and pulse
train length of 0.5 s) elicited a monotonically increasing electromyographic (EMG)
responses in the smooth muscle. (n =4 animals | 10 repetitions of each condition,
mean and standard deviations are plotted) f, g Endoscopic views of the oesophagus
during titration of muscle activation and contraction duration enabling graded

control of closure. Endoscopic visualization of the opening (h) and (i) closing of the
pylorus was utilized to characterize gastric peristalsis. j Panel of ES parameters
evaluated for stomach motility. k All stimulation conditions yielded an increase in
peristaltic rate (pyloric cycles/time), with setting C optimizing activity with minimal
energy. Mean and standard deviations are plotted. (* p < 0.01, p <= 0.001, student’s
two-sided t-test, n =4 animals) | Changes in impedances at 500 Hz (green), 1000 Hz
(blue), and 2000 Hz (purple) of proximal electrodes of the neuroprosthesis
implanted in the swine oesophagus enable detection of ingested boluses, applying
forces greater than 0.2 N. (n =3 samples, 11 repetitions- mean and standard
deviations are plotted) m EMG signals recorded from implanted neuroprosthesis
can be used to monitor the peristaltic waves.

Using an optimization strategy analogous to that for oesopha-
geal ES, parameters for gastric motility were optimized through a
comparison of the rate of pyloric closure (Fig. 4h, i), which is pro-
portional to peristaltic activity in the fasted state***’ in response to
six sets of parameters (Fig. 4j). All ES conditions, excluding set B,
produced a significant increase in peristaltic rate as compared to the
baseline control (p<0.01, student’s t-test, Fig. 4k, n=4 animals).
Stimulation settings in A (20 Hz, 2 mA and 100us pulse width, 0.5s
pulse duration) were chosen for implementation in the neuro-
prosthesis as they provided a significant increase with the most
minimal intervention.

To perform closed-loop stimulation, the prosthesis detects food
stimuli to initiate peristalsis. This feedback component of the closed-
loop controller is performed by the proximal electrodes using differ-
ential amplification of the impedance measured at 0.5, 1, and 2 kHz
frequencies (Fig. 4l). A significant increase in the impedance is
observed at forces greater than 0.2 N, which correspond to the pres-
sures exerted by semi-solid and solid foods***°. Additionally, muscle

activation recorded via electromyography (EMG) can also be used to
detect ingestion, initiate peristalsis, or inform the amplitude of sti-
mulation to produce coordinated peristalsis (Fig. 4m).

Neuroprosthetic augmentation of motility

Following controller optimization, the neuroprosthesis was implanted
in the oesophagus of a swine model of depressed motility (n=3) and
its function was assessed via endoscopy, fluoroscopy, and functional
lumen imaging. Functional lumen imaging using impedance plani-
metry has become a standard of care for assessing oesophageal
motility and provides the most quantitative metric in the swine model.
No significant differences were found between pre- and post-
implantation distensibility index, minimum cross-sectional area
(CSAin), or pressure at baseline (8.2-9.4 mmHg at 20 mL inflation),
indicating that the neuroprosthesis itself did not adversely affect the
baseline properties of the oesophagus (p < 0.05, n =6 trials, paired t-
test). The neuroprosthesis effectively generated swallowing move-
ments with duration, sequence, and axial pressures insignificantly
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Fig. 5 | Neuroprosthetic generation of peristalsis. a Functional lumen imaging
data from the Endoflip device of the oesophagus during reflex- and
neuroprosthetically-initiated swallows demonstrates similarity in contraction
strength and shape. b Neuroprosthetically initiated peristalsis in the oesophagus
reveals a coordinated swallowing pattern, including relaxation of the lower oeso-
phageal sphincter (LES) (distal) in response to microfluidic glucagon infusion.

c Filtered and rectified EMG signal recorded at each electrode during
neuroprosthesis-initiated peristalsis in the oesophagus elucidates a propagative
sequence in response to sequential stimulation pulses at each electrode (blue).
d Endoscopic visualization of the bolus before (top), during (middle) and after
(bottom) neuroprosthetic contraction of the oesophageal muscle for bolus

propagation. e Neuroprosthetic glucagon infusion yields relaxation (right) of the
tonic LES (left) as visualized with intraluminal imaging from the Endoflip device.
f Reversible relaxation of the LES induced by glucagon infusion occurring from
~t=11-19 seconds. g Representative functional luminal imaging during antero- and
retrograde peristalsis demonstrates the versatile programmability of the con-
troller. h Stomach motility was significantly increased by neuroprosthetic stimu-
lation (*p =0.001, student’s two-tailed heteroscedastic t-test) as compared to the
control in a model of hypomotility. Box plot indicates the minima, maxima, and
median, first and third quartile, with individual measurements as black points cpm:
cycles per minute. Dest = estimated luminal diameter. Mean and standard deviation
are plotted.

different from those of natural swallows® in control conditions
(p <0.05, paired t-test, n =30 trials (10 per animal), Fig. 5a). Inflation of
the intraluminal manometer to 20 mL manifested in forces and the
corresponding changes in electrode impedance above the sensing
threshold of the neuroprosthesis’, triggering sequential stimulation
yielding a peristaltic wave as measured by functional lumen imaging
(impedance planimetry) and EMG (Fig. 5b, c). To test the efficacy of the
neuroprosthesis in propelling food, radio-opaque boluses of barium
sulphate (see “Methods”) were placed in the proximal oesophagus,
triggering activation along the neuroprosthesis which propelled the
bolus down the oesophagus (Fig. 5d, and Supplemental Figure 7).
These results demonstrate that the neuroprosthesis can be used to
induce peristalsis in hypomotile conditions and effectively propel food
in a paretic oesophagus.

In addition to demonstrating peristalsis in a model of hypomoti-
lity, we leveraged the neuroprosthesis’ microfluidic channel to release
inhibitory compounds facilitating relaxation of hypertonic muscu-
lature for conditions such as achalasia and spastic oesophagus. The
neuroprosthesis’ distal tip was implanted in the lower oesophageal
sphincter and glucagon®, a known smooth muscle relaxant used in the
Gl tract, genitourinary, and cardiovascular systems®, was infused
through the microfluidic channel. This chemical stimulation yielded
relaxation of the sphincter within 10-20s. Average luminal dis-
tensibility substantially increased from 6.8+1.2mmHg to
15.8 +1.7 mmHg (Fig. 5e-f). Muscle tone after relaxation returned to
baseline within 1.5 minutes whereupon repeated infusions led to

relaxation. In contrast, injection of saline control produced no mea-
surable effect.

To further validate the long-term efficacy of the neuroprosthesis,
we investigated whether our platform was capable of eliciting repeated
actuation without inducing muscle fatigue, a known adverse effect of
ES. We performed continuous stimulation for 160 seconds, which is
substantially longer than relevant therapeutic applications, and
observed less than 10% reduction in force production (Supplemental
Figure 8). This minimal fatigue induction is likely due to our selection
of the lowest effective stimulation parameters (amplitude, frequency,
and duration) to achieve peristalsis, preventing unnecessary over-
excitation and muscle fatigue. The neuroprosthesis can be pro-
grammed to meet the actuation requirements of varied dysmotility by
adjusting the timing, spacing, refractory period, strength of contrac-
tion, and sequence of activation. As a proof of concept, we pro-
grammed the controller to elicit anterograde and retrograde
peristaltic waves (Fig. 5g) and demonstrated the capability of the
neuroprosthesis to carry out this pattern in the oesophagus.

Finally, to assess its ability to drive gastric motility, the neuro-
prosthesis was implanted in the antrum or cardia of the stomach using
the submucosal implantation tool. Under deep anaesthesia when no
spontaneous peristaltic waves were observed and the pyloric closure
rate had dropped below once per min, 0.5s pulse trains of 20 Hz sti-
mulation spaced 3 s apart on consecutive electrodes were applied. A
two-fold increase in the peristaltic rate was observed over a 20-minute
period (Fig. 5h, p<0.05, paired t-test, n=4 animals). In all trials, the
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Fig. 6 | Neuromodulation of oesophageal vagal afferents yields illusory meta-
bolic satiety. a Mechanotransducers in the stomach and oesophagus relay affer-
ents to the NTS and DMN which regulate metabolic hormones and satiety. b—f
Response of hormones in the blood to stimulation between minute 30-60 nor-
malized to their baseline levels in animals with no stimulation (control, blue),

Time (min)

oesophageal (green), and gastric (purple) stimulation (n =35 animals). GIP: Gastric
inhibitory polypeptide, GLP-1: Glucagon-like peptide-1. Error bars indicate the
standard deviations around the means. Stars indicate p < 0.05 as per a 2-tailed
heteroscedastic t-test comparing the experimental (gastric or oesophageal) sti-
mulation to the no stimulation group.

neuroprosthesis complied with the tissue movement, exhibiting no
sliding, protrusion, or impediment to normal peristalsis. These results
suggest that the neuroprosthesis can be used to artificially generate
peristalsis and increase gastric motility.

Metabolic neuromodulation

When implanted in the oesophagus, the neuroprosthesis resides
alongside primary sensory and low-threshold mechanoreceptors
innervating the thoracic oesophagus which originate from the nucleus
tractus solitarius (NTS) and dorsal motor nucleus (DMN) in the brain-
stem. In the stomach, antral placement was performed to maximize
contact with stretch receptors which relay afferents to the NTS®%, The
NTS and DMN relay sensed information to the hypothalamic neurons,
which integrate ingestion, hunger, and satiety signals®, in turn, effer-
ently controlling hormonal secretion and motility (Fig. 6a). We sought
to explore the effect on satiety of stimulating vagal afferent signalling
through mimicking ingestion and gastric peristalsis. To mimic peri-
stalsis following ingestion, we implanted the neuroprosthesis in 5
animals that were fasted overnight and performed 30 min of sequen-
tial stimulation (oesophagus: 40 Hz, 2.5 mA, 100 ps, and 0.5 s; stomach:
20 Hz, 2mA, 0.5s) with 30 s rest periods separating 120 s stimulation
epochs to mitigate fatigue. Satiety and disorders thereof are profiled
by measuring levels of the metabolic hormones, such as glucagon-like
peptide-1 (GLP-1), insulin, glucagon, gastric inhibitory polypeptide
(GIP), and ghrelin that fluctuates with hunger and satiety. Therefore, to
characterize the effect of the neuroprosthesis on the body’s satiety
response, metabolic hormone levels in the blood were measured at O,
15, 30, 45, 60, 90, 150 minutes, with stimulation occurring between 30-
60 minutes. Raw and normalized data is provided in Supplementary
Data 1. Another group of 5 animals served as the control group. Since
animals are fasted overnight, the response from the control group is
approximately stable except for ghrelin and glucagon which are

secreted to compensate for the building hunger. Oesophageal actua-
tion in the fasted state resulted in a significant increase in GLP-1 and
insulin levels along with a moderate suppression of ghrelin and no
change in glucagon in the response phase compared to the baseline -
commensurate with a fed state*® (p <0.05, student’s t-test, Fig. 6b-f).
GIP initially decreased, but then increased beyond control levels.
Gastric actuation resulted in a significant increase in GLP-1, insulin, and
glucagon secretion (p < 0.05, student’s t-test, n =5 animals) compared
to baseline, while ghrelin and GIP levels remained relatively stable in
the response phase. In contrast, control animals exhibited metabolic
responses aligned with a fasted state, with an increase in ghrelin and
glucagon, and no change in GLP-1, GIP, or insulin. Immunohisto-
chemical staining revealed presence of VGLUT2 and S-100 (markers of
vagal afferents) positive cells around the implantation location sug-
gesting the presence of vagal afferents within 100 um of the implant/
tissue interface (Supplemental Figure 9)**. To isolate the contribution
of mechanical stimulation, as opposed to electrical stimulation, of
mechanosensory afferent neurons, the metabolic profile following
30 minutes of passive stretching of the oesophagus with simulated
bolus ingestion in 4 animals was analysed (Supplemental Figure 10).
Mechanical stimulation alone did not significantly reflect a post-
prandial metabolic profile. We hypothesize that this may be due to the
adaptation rate of stretch receptors in the oesophagus that may be
better modulated with electrical stimulation as compared to
mechanical stimulation, although this requires further investigation.
These findings provide preliminary evidence that gastric and oeso-
phageal neuromodulation by the neuroprosthesis may induce changes
in metabolic hormones commensurate with a postprandial state.

Biocompatibility
Previous studies have demonstrated chronic utility of fibre-based
neural probes in the brain, spinal cord, and GI lumen of rodents®*, as
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well as the ability of these devices to support functional skeletal
muscle regeneration following volumetric muscle injury in rodents®.
Here, we further evaluate chronic tissue-material interactions and
biocompatibility of the neuroprosthesis containing polycarbonate and
stainless steel in vitro and in vivo (Methods). In vitro, an extract
exposure test on C2C12 cells demonstrated no significant toxicity at 24
or 168 h as compared to a negative control (p < 0.05, student’s t-test).
In vivo, 7 days following implantation, oesophageal distensibility and
dynamics exhibited negligible differences in comparison to pre-
implantation measurements (Supplemental Table 3). Complete heal-
ing and no substantial foreign body response or migration was
observed in stomach and oesophageal tissues (Supplemental Note 1
and Supplemental Figure 11).

Discussion

We demonstrate a closed-loop Gl neuroprosthesis that restores peri-
stalsis in models of hyper- and hypomotile pathology. Following sen-
sation of ingested food, the neuroprosthesis delivers electrical and
chemical stimulation to generate propagative peristalsis in the oeso-
phagus. As the neuroprosthesis mechanistically recreates peristalsis by
recapitulating neuromuscular signalling patterns, the generated
movements approximate physiologic contractility, spatial sequence,
and efficacy of propelling food boluses in the oesophagus (Fig. 5).
Further, in a paretic stomach, electrical stimulation of the submucosal
layer in the antrum of the stomach by the neuroprosthesis augments
enteric signalling, doubling the motility rate. This is in contrast to the
clinical state of the art, wherein point source stimulation is insufficient
to generate propagative peristalsis'®>"%, Although previous preclinical
studies have proposed implanting hardware submucosally, these pilot
studies relied on multi-centimetre incisions, focused on unimodal
stimulation, and failed to demonstrate electrical stimulation of tissue,
or restoration of neuromuscular function'®**-*,

The neuroprosthesis can be tailored to conform to a specific
anatomy and pathology, given its numerous stimulation and sensing
contacts and controller design. For instance, in the oesophagus, the
proximal third is comprised of striated muscle, whereas the distal third
is comprised predominantly of smooth muscle. Based on the anatomic
location of implantation, individual electrode parameters in the neu-
roprosthesis can be programmed to target specific muscle types. The
controller’s parameters can further be adjusted to modulate the
refractory period, magnitude, timing, sequence, and repetition of
smooth muscle activation. This versatility offers therapeutic advan-
tages for oesophageal motility disorders like GERD, achalasia, jac-
khammer oesophagus, absent peristalsis, and upper/ lower
oesophageal sphincter dysfunction, which require patient- and
disease-specific realignment of neuromuscular activity involving sti-
mulatory and inhibitory modulation.

ENS neuromodulation remains underexplored due to the chal-
lenges of interfacing with the deep-set and distributed nature of the
enteric plexi. Previously, cervical and gastric vagal stimulation have
elicited a variety of responses, with little mechanistic clarity. In the
context of using ENS neuromodulation to address eating disorders,
our neuroprosthesis’ design can be leveraged to recruit intact neural
circuitry and simulate the ingestion of a meal and trigger hormonal
changes commensurate with a fed state. The metabolic hormone
profile following thirty minutes of oesophageal neuromodulation
appeared to recapitulate a satiated state, with low glucagon and
ghrelin levels (Fig. 6). Because passive mechanical stretching alone did
not induce a similar response (Supplemental Figure 10), we anticipate
that the stimulation amplitude could be further reduced to elicit
minimally perceptible actuation to maximize patient comfort. The
insulin response is consistent with food consumption, even in the
absence of food in this case®. As such, neuromodulation can poten-
tially facilitate perception of satiety, offering therapeutic alternatives
for metabolic disorders in which low or late satiety exacerbates energy

expenditure imbalances®*®’, The on-demand production of insulin
could also contribute to the understanding and management of type 1
diabetes®* and other insulin dysregulation conditions.

In this study, all experiments were conducted with the animal in a
fasted state in an anaesthesia-induced model of decreased motility. In
future experiments, the neuroprosthesis should be chronically eval-
uated in a fed state in disease models. Additionally, further testing
using a wider range of food with varying consistency will refine and
validate the ability of the closed-loop system to drive peristalsis. In
addition to serving as a therapeutic device, the neuroprosthesis’
electrical sensing capabilities may serve a diagnostic purpose as well.
Spatially organized electrogastrograms acquired over the course of
days would augment our foundational knowledge of motility and
metabolism. We utilized glucagon as a proof-of-concept inhibitory
neuromodulator to validate neuroprosthetic function. Future for-
mulations will employ combinations of neurotransmitters informed by
the evolving understanding of neural circuits governing motility.
Additionally, antispasmodic drugs such as baclofen may also be used
for inhibition of the smooth muscle.

Future clinical translation of this technology will involve pre-
clinical long-term studies in large animal models to further establish
safety and efficacy, to identify disease-specific stimulation parameters,
and to refine the surgical techniques. Although this device would offer
benefits for motility disorders such as gastroparesis and achalasia, the
applications of this technology could further extend to disorders of
neurochemical or metabolic signalling, such as diabetes and obesity.
Temporal and neuroplastic changes in the brain, as well as habituation
to stimulation should be investigated in the future. Varied stimulation
paradigms and closed-loop control may present opportunities to
overcome potential adaptation responses by the body. In future long-
term translational studies, wires from the implant would be tunnelled
from the submucosal space to a subcutaneously placed implantable
pulse generator akin to those used in commercial neuromodulators
and pace-makers (Supplemental Figure 15). As wireless powering sys-
tems continue to mature, the wires could be eliminated to permit
independent lead-less operation of the prostheses in the submucosal
space®*¢, Polycarbonate, which elicits a minimal foreign body
response in neural implants ~ 300um wide®?, was selected for this
device to balance the stiffness required for insertion without buckling
with biocompatibility. At a diameter of 1.25 mm, the device studied
here is likely to elicit a greater foreign body response. While the
resulting encapsulation will help with securing the implant in place, it
will also lead to decreased recorded signal quality over time. Replacing
the polymer cladding with soft and stretchable elastomers such as
SEBS (styrene-ethylene-butylene-styrene)®” will likely further reduce
this foreign body response and ensure stable recording and stimula-
tion over time. However, such stretchable systems require further
evaluation and optimization. Building on numerous studies demon-
strating chronic biocompatibility of polymer fibres in the brain, spinal
cord, peripheral musculature, and Gl lumen®>**%  future work
should further investigate chronic tissue-material interactions in the
submucosal space to ensure long term functionality and safety.

This study was enabled by two key innovations: (1) the multi-
modal, closed-loop myenteric neuroprosthesis that demonstrates
greater conformability and adaptability to GI physiology as compared
to existing devices (Supplemental Table 1 and 2) the minimally invasive
deployment tool that facilitates submucosal implantation along the GI
tract through feedback-driven mucosal plane localization. Notably, in
our experiments in the swine model, for which GI anatomy closely
resembles that of a human, veterinarian technicians with less than 5
years of experiences or naive operators (postdoctoral trainees) per-
formed implantation using the implantation tools, without cautery,
perforation, or trauma, illustrating the facility of use and safety. Our
implantation and neuromodulation platform thus offers an approach
to augment the function of the myenteric plexus for motility and
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metabolic disorders, that is mechanism-driven, customizable to each
patient, and easy-to-implement without specialized training, paving
way toward personalized bioelectronic therapies for Gl dysfunction.

Methods

All studies were compliant with relevant ethical regulations and under
approved protocols by the Massachusetts Institute of Technology.
Researchers were not blinded to the interventions, as this was not
relevant or feasible in this proof of concept study. Following studies,
animals were euthanized under anaesthesia with Telazol and xylazine
or midazolam and dexmedetomidine (as outline earlier), then Fatal
Plus or Euthosol (sodium pentobarbital) at ~100 mg/kg IV or ~1ml/
10 pounds

Study design

Our objective was to assess the ability of the neuroprosthesis to gen-
erate coordinated patterns of motility in the oesophagus and stomach
under optimized electrical stimulation patterns. We additionally per-
formed assessments of the surgical complexity of implantation and
biocompatibility of the implant. All animal experiments were con-
ducted in accordance with protocols approved by the Committee on
Animal Care at the Massachusetts Institute of Technology (MIT). All
large animal studies were performed in a swine model (50- to 80-kg
Yorkshire pigs 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 GI
devices®®. Before endoscopic procedures and experiments described
in this study, animals were fasted overnight. Animals were fed LabDiet
mini-pig grower pellets (5081) at 7:30 a.m. and 3:30 p.m. and a snack of
fruit or vegetables between 11 a.m. and 12 p.m. Sex was not considered
in this study, as gastric and oesophageal peristalsis are not known to
vary with sex.

Characterization of peristaltic dynamics & optimization of
electrical stimulation parameters
Peristalsis in response to electrical stimulation was studied using both
in vivo and ex vivo models. An ex vivo tissue maintenance system was
custom-made to characterize contraction dynamics under varying
electrical stimulation parameters towards optimizing the dimensions,
design, and control algorithm of the implant (Supplemental Figure 12).
In a bath of Krebs Ringer solution (Sigma), maintained at 37 °C using an
underwater heating element, piping was constructed to enable an
inflow and outflow tract for the oesophagus. Measurements of tissue
displacement were enabled by centimetre-resolution gridding under-
neath the tissue and a video camera placed 3 feet above the bath.
Tissue from a euthanized pig was transferred to the bath shortly upon
harvest after three washes with warm phosphate buffered saline.
Bipolar needle electrodes (32 g, Rythmlink) were manually inserted
into the intramuscular layer at measured intervals of 1-1.5 cm along
with a ground electrode. Electrodes were inserted into serosal, sub-
mucosal, or muscularis layer of the oesophagus and the EMG response
was captured in response to 40 Hz, 3 ma, 3 s stimulation. The ampli-
tude and strength of contraction were found to be strongest when
electrodes were placed in the submucosal layer. Spacing of the elec-
trodes was also varied between 0.5 and 2 cm in 0.5 cm increments and
the spatial dynamics of contraction were studied, yielding an optimal
spacing of 1 cm between contacts (Supplemental Figure 12). In order to
propagate a bolus using ES pulses, we learned that the proximal seg-
ment must remain contracted for at least half the duration of the pulse
to propagate in the anterograde direction. These insights were used to
design the neuroprosthesis and controller.

For in vivo study, standard oval, 2.3 mm x 240 cm length poly-
pectomy snares (Telemed Systems, Inc, MA) were modified with a 25-
gauge needle tips to create endoscopic intramuscular electrodes. Two

to four electrodes were inserted into tissue in a sequential manner with
equal spacing between electrodes (either 1 or 2 cm) in the oesophagus
and stomach of swine (n=5).

A range of stimulation parameters (frequencies: 20, 40, 100 Hz,
amplitudes: 1-9 mA in 1 mA increments, pulse widths: 100 or 300 ps,
pulse train lengths: 0.5, 1, or 3 s) were programmed into the Synapse
system (TDT -Tucker-Davis Technologies) and output onto an
172 stimulator (TDT). Electrophysiological recordings were carried out
on a Rz5D Base processer and PZ5 neurodigitizer amplifier (TDT) or on
a RHS Stimulation/Recording System (Intan Technologies).

Endoscopic video was captured by the Pentax endoscopy suite.
The peristaltic rate (number of times the pylorus closed/time, which is
known to be proportional to gastric peristalsis)®® and percent closure
of the muscle ring in the oesophagus were used to evaluate and opti-
mize the electrical stimulation parameters. Image analysis was per-
formed semi-manually using functions of Fiji (open source from
GitHub). Optimal spacing between contacts and depth of insertion
were also evaluated to inform the design of the neuroprosthesis
(Supplemental figure 13).

Neuroprosthesis fabrication

The neuroprosthesis consists of a combination of perfluoro alkoxy
alkanes (PFA) coated stainless-steel (SS) electrodes, embedded in
polycarbonate (PC) housing. The neuroprosthesis was fabricated via
thermal drawing of a macroscale model, termed preform. To fabricate
the preform, a PC rod (diameter 0.75 in; McMaster-Carr) was first
machined to have a central circular channel (diameter 5.5mm), and
eight square grooves (4 x 4 x 200 mm) were machined at the periphery
of the rod. Polytetrafluoroethylene (PTFE) rods were used as spacer
and were placed inside the central circular channel (7/32 in, PTFE,
McMaster-Carr), and peripheral groove (5/32 in, PTFE, McMaster-Carr).
PC sheets (50 um, Ajedium films) were then rolled around the assembly
to obtain cylinder with a diameter of 22 mm. The entire structure was
then consolidated at 175 °C for 32 min under vacuum. A fibre was then
drawn at 270°C, and the drawing speed was varied from 0.2 to
0.4 mm/min with a feed speed of 1 mm/min to achieve draw-down
ratios in the range of 14 to 20. PFA-coated stainless-steel wire (32 G,
annealed, A-M systems) was converged into the 8 outer channels of the
preform while the device was drawn. Electrode wires from the neuro-
prosthesis were connectorized to 4 mm header pins (Digikey) using
adhesive and flux-solder.

Electrode creation

The Solafab Micromachining Tabletop workstation (Clark MXR) uti-
lizing a Solas Ultrafast Fibre Laser was employed to etch the polymer
cladding on the drawn fibres and expose electrodes contacts at the
desired spacing (1-1.5cm), determined through ex vivo peristaltic
dynamics characterization (Supplemental Figure 13). The drawn fibre
was secured in a custom-made octagonal rotary jig (Supplemental
Figure 14) to enable consistent positioning and etch angles for the
fibre. Laser power (L20-L100), radius of etch (0.05-0.8 mm), depth
(0.1-0.35 mm), length (0.25-1cm) and pattern (repetition of strokes
1-8 times) were optimized through iterative testing to yield a flat
recessed geometry for optimal current injection and contact against
wet tissue. Electrode pads were then sonicated for 15 minutes then
manually cleaned under a microscope to remove residual debris fol-
lowing the etch. Electrodes were sterilized using ethylene oxide prior
to in vivo usage.

Closed-loop electrical stimulation algorithm

A closed-loop control algorithm to perform stimulation in response to
a change in impedance or EMG was programmed using MATLAB and
the Intan RHX software (beta version, 2020). After the algorithm
initializes, it begins recording impedance or EMG on all stimulation
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channels. Once a pre-set threshold impedance or rectified EMG is
achieved, electrical stimulation is administered. Impedance is mea-
sured between a given electrode and the last electrode contact, serving
as the ground electrode. The MATLAB controller interfaced with the
Intan RHS Recording/Stimulation System via a Transmission Control
Protocol (TCP) command interface, allowing stim parameters to be set
and data to be recorded remotely (Supplemental Code 1).

Submucosal implantation tool fabrication

The submucosal implantation tool was designed to perform implan-
tation via an endoscopic approach for any devices that need place-
ment in the submucosal space without the invasiveness of a NOTES or
POEM technique. The tool was fabricated using a PTFE sheath
(McMaster, 2.6 mm diameter). Non-insulated 22-gauge guidewire was
coated with a thin layer of silicone (Sylguard 184, Sigma) excluding the
3 cm from distal tip to serve as the impedance sensing unit. Nitinol (28-
gauge, Fort Wayne Metals, #8) was set in a custom vice at 400 °C for
3 minutes and quenched in water at 25 °C to create a hook. The distal
tip was bevelled using a Dremel at an angle of 45 degrees. Following
fabrication, the entire device was loaded with sterile saline and all
sliding parts were articulated at least 3 times prior to use. 50 mL syr-
inges were pre-loaded with diluted methylene blue solutions in sterile
saline and connected to a syringe coupler.

Implantation procedure with submucosal implantation tool
For use, the pre-loaded 1.9 cm diameter sheath is inserted through the
endoscopic channel and advanced to the proximal site of implant. The
incision catheter is advanced while holding the overtube in place
relative to the endoscope, facilitated by an O-ring stabilizer. A nitinol
hook is deployed in the adjacent channel to hold tension on the site of
incision. The incision catheter is advanced while continually monitor-
ing impedance to detect localization in the submucosal layer
(<100kOhms, Fig. 2). Hydrodissection is then performed with 10-
35 mL saline while monitoring the expansion of the layer intraluminally
via endoscopic video. The guide wire is then advanced to a length
commensurate with the prosthesis to ensure clear separation of the
fascial layer in the path into which the prosthesis will glide. The guide
wire is removed, and the prosthesis is inserted. Fibrin glue may be
infused through the microfluidic channel or a Carr-Locke/endoscopy
needle to secure the end of the prosthesis in the tissue layer. Leads can
then be tunnelled out to a subcutaneous pocket or through a PEG tube
to a stimulator.

Rationale for design of incising needle
A variety of designs were created to optimize the needle edge for
penetration of the oesophagus at low force without high perforation
risk. The angling of an endoscope creates, at best, a 20-degree angle
between the catheter and the tissue. Thus, the following designs were
tried given the relevant rationale from prior studies™.
The triple grooved tip and pitchfork tip were developed with the
aim of catching the tissue that glides within the grooves, creating a
wedge scissoring effect.
The curved tip was developed to implement the slide-push effect
during penetration, which is known to cause a reduction in cutting
forces and displacement of the medium.
The broad base needle tip was designed with a reduced bevel angle
to increase the angle of attack of the cutting surface on the tissue,
reducing the chance of slip during the incision.
The dual point design was intended to allow for a cutting edge to be
in contact with the tissue regardless of twist angle, as it is difficult to
adjust the twist of the tip once in the endoscope.

These were all compared against standard bevel designs to eval-
uate their force requirement upon penetration of the compliant Gl
tissues.

Incisional needle testing

Various designs for the incising needle tip were designed in Solid-
Works (Supplemental Fig. 5). Mechanical tools including wire cutters,
Dremel, band saw, drill press, and metal sharpeners were used to
fabricate the various designs. Needle tips were pneumatically secured
to the descending plate of the Instron. Ex vivo swine oesophagus and
stomach tissue were held in place by vice grips forming a semi-taut
interface at either 20° or 90° with respect to the axis of the needle.
Force and displacement during incision were measured under a
compression mode test (Bluehill Universal) which advanced the needle
at 100 mm/minute.

Testing of submucosal implantation tool functionality

To validate the safety and efficacy of the tool, implantations were
performed in swine post-euthanasia or harvested oesophagus and
stomach (n=5) to ensure that the tool enabled 1) incision of the
mucosal layer, 2) accurate localization in the submucosal layer and 3)
hydrodissection to mechanically separate the submucosal layer and 4)
no perforation of the muscular layer. During implantation, we per-
formed endoscopic videography to visualize the process and assess
the difficulty of use. Impedance was measured during the localization
process using the Intan RHS Recording/Stimulation System. Following
implantation, tissue cross-section was inspected for tissue damage,
localization, and separation of layers. We fixed the tissue using 4%
paraformaldehyde, marking the incision site with tissue marking dye
(Cancer Diagnostics) and performed histology to identify whether the
stated objectives were met.

Pressure sensing

To characterize the pressure sensing capabilities of the neuroprosth-
esis, impedance from the two most proximal electrodes were mon-
itored at 500, 1000, and 2000 Hz. Tissue in which the neuroprosthesis
was implanted was explanted and placed on the Instron compression
testing system, which performed controlled indentations sweeping
from 0-7 N, covering the range of pressures exerted by boluses of food
on the equivalent surface area. Between each indentation, O N of force
were applied for 1 minute to allow the tissue to equilibrate to resting
conditions.

Mechanical and Electrochemical characterization of stimulating
electrodes
Electrical impedance spectroscopy (EIS) of the stimulating electrodes
was measured using a LCR metre (HP4284A, Agilent Technologies)
with a sinusoidal voltage input (10 mV, 20Hz - 10kHz). A three-
electrode cell with a platinum wire as a counter electrode and a satu-
rated Ag/AgCl reference electrode was used to perform cyclic vol-
tammetry (CV). CV was performed in phosphate-buffered saline
solution, at room temperature, using a potentiostat (Solartron, SI
1280B), and cyclic voltammetry curves were obtained at the scan rate
of 20 mV/s. Charge-injection capacities were determined from voltage
transient measurements in response to cathodic-first, rectangular
charge-balanced biphasic pulses (100 ps, 0.5 mA to 10 mA) with a 33.3
ps interphase delay between cathodic and anodic phases using an
Intan RHS Recording/Stimulation System and an oscilloscope. The
maximum cathodic potential E,,,c was measured during the interphase
interval, near-instantaneously following the ohmic voltage drop in the
electrolyte (access voltage-V,)*. Accelerated aging test consisted of
prolonged current stimulation pattern (4 mA, charge balanced bipha-
sic rectangular pulses of half-phase period 100 ps) in a 1x PBS solution
using constant current stimulators NL8OOA (Digitimer) for 24 h. Every
30 min to 1h, voltage transient responses to a cathodic first biphasic
stimulation with interphase delay was used to measure the E,. and
estimate charge injection capacity.

Cyclic buckling of the neuroprosthesis was performed via a cus-
tom set-up composed of linear stage actuated by a stepper motor,
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described previously”. For all samples, the neuroprosthesis was com-
pressed then relaxed at a speed of 1cm/sec, with a displacement of
5mm. Bending stiffness of the fibres (n=3) was measured using a
dynamical mechanical analyser (Q800, TA Instruments). A single can-
tilever mode with 20 um deformation was used within the frequency
range of 0.1-200 Hz.

Tensile testing of the fibres was performed at a rate of
10 mm min™ using a Zwick/Roell Z2.5 mechanical tester. The nominal
stress S was measured from the recorded force divided by the cross-
sectional area of the fibre, and the Young’s modulus was derived from
the slope of the stress-strain curve in the elastic regime. Three-point
bending testing of the neuroprosthesis was performed at a rate of
60 mm/min, with a maximum displacement of 20 mm, using a Zwick/
Roell Z2.5 mechanical tester. The neuroprosthesis was supported at
two points 30 mm apart. The bending stiffness m was derived from the
slope of the linear part of the force-deflection curve. The relation
between the bending stiffness and the flexural strength is given by

48E, 1
m= L3f

with / being the inertia moment of a cylindrical beam, £, the flexural
modulus, and L the support span. Knowing the inertia moment of a
cylindrical beam

Where R is the radius of the fibre. We thus obtain an expression for the
flexural modulus:

mL3
Er=

In vitro assessment of biocompatibility

We performed an extract exposure test’” following ISO norms to
evaluate the toxicity of the neuroprosthesis material. 0.2 g of material
were added to 1mL of DMEM culture medium and stirred at 37 °C
continuously for 24 h and 168 h (7 days)days to create the extract
samples. 100 pL of foetal bovine serum were added to 900 pL aliquots
of the samples and used to treat C2C12 cells” plated in a 96 well plate
in triplicate. These cells tested negative for mycoplasma. A negative
control of untreated media and positive control of media containing
40 um MG-132, a small molecule proteasome inhibitor, were also per-
formed. At 24 and 72 h, cell viability was measured through quantita-
tion of ATP using CellTiter-Glo (Promega) using a Tecan M100OPro.

In vivo assessment of biocompatibility

Rats (n=14, weighing between 300 and 350 g, Charles River Labora-
tories) were anesthetized with 1 to 2% isoflurane in oxygen and pre-
medicated with meloxicam (1 mg/ kg). A small incision was made in the
skin of the lateral abdomen and blunt dissection was performed to
create a small subcutaneous pocket where a 1.5cm segment of the
polycarbonate and stainless-steel device was implanted. At 2- and
4-weeks post implantation, 7 animals each were euthanized and the
tissue surrounding the implant was harvested and fixed in 4%
paraformaldehyde.

Female Yorkshire swine from Cummings Veterinary School at
Tufts University (Grafton, MA) between 30-40 kg were anesthetized
with an intramuscular injection of dexmedetomidine (0.03 mg/kg) and
midazolam (0.25 mg/kg) and intubated and maintained on 2-3% iso-
flurane in oxygen. A 15 cm fibre was implanted in the submucosal space
in the middle oesophagus and stomach using the minimally-invasive
tool. One resolution clip (235cm, 2.8 mm, Boston Scientific) was

placed to close the incision site. No haematologic or infectious com-
plications occurred. Seven days later, the area was examined endos-
copically to find no gross complications or swelling. The oesophagus
was excised and fixed in 4% formalin for histologic evaluation.

Following fixation, samples were washed with phosphate buffered
saline (Sigma), transferred to 70% ethanol, paraffin processed and
embedded. Five micron-thick sections were cut every 100 um and
stained with haematoxylin and eosin.

Ex vivo assessment of functionality following a month-long
implantation

To highlight the capability of the neuroprosthesis to be used in an
acute setting following a month-long-implantation, a 15 cm fibre was
implanted in the submucosal space in the middle oesophagus using
the minimally invasive tool of anesthetized Female Yorkshire swine
(N=2) (similar method as described above). A month following
implantation, the animals were euthanized, the oesophagus was
excised, and placed into a bath of Belzer solution to maximize viability.
The connector of the neuroprosthesis was exposed and the electrode
leads were connected to our stimulating apparatus (Intan RHX). Fol-
lowing initial testing of tissue viability using a CheckPoint Surgical
Stimulator, the tissue was stimulated using the neuroprosthesis’ elec-
trodes, and muscular contraction of the oesophagus was video
recorded. Finally, oesophageal tissues were fixed in 4% PFA, and his-
tological sections were taken and stained with haematoxylin and eosin,
showing little to no scarring around the location of the implant.

Artificial peristalsis

Following validation of the safety, efficacy, and biocompatibility, the
prosthesis was implanted Yorkshire swine (n=2, 94 kg & 70 kg). The
optimized electrical stimulation parameters were programmed into
the controller. A pump primed the microfluidic channel and injected
5 mg/mL glucagon per neurochemical stimulus.

As a well-known model for temporarily-induced dysmotility, iso-
flurane anaesthesia affects muscarinic receptors (TRPC4 channels, M2
and M3) and smooth muscle G-proteins™ as a function of
concentration” and anaesthetic period. We used the following pro-
cedure to induce temporary dysmotility. Under 2-2.5% inhaled iso-
flurane anaesthesia, at least three laryngeal strokes using a small PTFE
tube were performed and monitored through endoscopy and/or
intraluminal functional imaging to reveal no swallow reflex. Then,
barium impregnated pellets were placed in the upper, middle, and
lower oesophagus and monitored fluoroscopically for 10 minutes
each, revealing no movement. After 1 h of anaesthesia, gastric motility
was depressed as evidenced by a lowered rate of peristaltic movement.
As such, titrated anaesthesia concentration and duration provided a
suitable model for complete oesophageal dysmotility and depressed
gastric motility.

To characterize and validate the neuroprosthesis’ ability to sense
and create artificial peristalsis, a fluoroscopic pellet study was con-
ducted. Barium sulphate (Bracco E-Z-HD Barium Sulphate for Suspen-
sion (98%w/w), Patterson Veterinary) was mixed with a sodium alginate
solution (Sigma) in a 50:50 volume by weight ratio. After 10 minutes of
sonication at 30 °C, the suspension was pipetted into a custom silicone
mould sized for a triple zero capsule. After 24 h, these pellets were
hydrated with a 2 M CaCl2 solution for at least 2 h and rinsed with PBS
for 72 h. They were then placed in the oesophagus using the endoscope.
Stimulation and sensing were performed by the neuroprosthesis and the
pellet was radiographically visualized using fluoroscopy. Further, intra-
luminal functional imaging studies were performed (n=4, swine) to
characterize changes in oesophageal reflexes and pressures following
tool-based tissue manipulation and neuroprosthesis implantation as well
as capture artificial peristalsis created by the neuroprosthesis. A func-
tional lumen imaging probe (Endoflip, Medtronic) was inserted into the
middle and lower oesophagus using an overtube to profile distensibility,
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pressure, pattern of motility and minimal diameter of the oesophagus.
Data was exported and visualized using plotting functions in Matlab.
Electromyography was recorded from the electrodes during stimulation
and rest periods. Data were imported and low-pass filtered to identify
slow wave activity in the stomach.

Neuromodulation

Beyond effects on motility, neuromodulatory effects on metabolic
processes was assayed by screening the blood of Yorkshire swine
receiving 30 minutes of oesophageal muscular stimulation (n = 6) or no
stimulation, under sedation (n=6). A metabolic hormone panel (Eve
Technologies) was run on venous blood from an ear vein catheter,
collected 30 minutes prior to stimulation and every 30 minutes for 2 h.
Blood was treated with a protease inhibitor cocktail (S8830, Sigma)
within 10 minutes of collection and centrifuged for 15 minutes at 4 °C at
700 g's. Results were normalized to the baseline values at t =0 min or
the average of the two time points prior to stimulation (t=0, 15)

To ascertain whether the effects of oesophageal stimulation by
the neuroprosthesis are modulated by mechanotransducers perceiv-
ing the contractions or electrical stimulation directly triggering the
related afferents, we performed an experiment in which mechan-
otransducers in the oesophagus were passively stretched. For
30 minutes, a bolus situated on a catheter was slid up and down the
oesophagus to mimic the ingestion of food. The bolus consisted of
40 mL of saline in a 4.5cm balloon catheter at least doubling the
resting diameter of the oesophagus. A metabolic hormone panel was
performed on blood collected from an ear vein catheter as
described above.

Statistical analyses

Quantitative data are reported as mean + standard deviation or as a
range when appropriate. The normality of the distributions was
checked by the Shapiro-Wilk test. Comparative analyses were per-
formed using student’s heteroscedastic two-tailed t-test, unless
otherwise noted. P < 0.05 was considered significant. Unless otherwise
noted, measurements were performed on independent samples (ani-
mals or tissue sections).

Supplemental note 1: assessment of biocompatibility. An extract
exposure test on C2C12 cells demonstrated no significant difference in
toxicity between the negative control and the neuroprosthesis material
at 24 and 168 h (Supplemental Figure 11a), while 40 uM of toxic MG-132
treatment, used as positive control, resulted in significantly decreased
cell viability (p <0.05, student’s t-test). Following seven days of implan-
tation in a swine oesophagus, functional lumen imaging was performed
to elicit the swallowing reflex, which occurred naturally at inflations
greater than 20 mL. Compared to the baseline prior to implantation, we
observed minimal differences in the distensibility and CSA;, of the
oesophagus, indicating the negligible impact of the prosthesis on organ
dynamics (Supplemental Table 3). Further, no significant foreign body
reactions, scarring or migration were observed (Supplemental Fig-
ure 11b). Finally, we confirmed accurate placement of the prosthesis in
the submucosal layer, adjoining the circular muscle (Supplemental Fig-
ure 11b, inset). Haematoxylin and eosin staining of subcutaneous tissues
implanted with the neuroprosthesis for 14 and 28 days demonstrated a
thin collagenous fibrous capsule forming around the material (Supple-
mental Figure 11e), but no substantial foreign body response (Supple-
mental Figure 11C) as compared to non-implanted control sections
(Supplemental Figure 11d, f). This type of a capsule is common to all
intramuscular electrodes and does not present a significant issue for
stimulation’. Similar types of electrodes are clinically-approved for use
in human patients and are routinely employed by for myoelectric
recording and stimulation. Furthermore, as the stimulation is current
driven, the backend compliance of our system enables consistent cur-
rent output, regardless of the impedance at the surface and can

stimulate the tissue consistently, even if the fibrous capsule were to
increase the impedance of the system, provided the voltage required
doesn’t exceed the water window of our electrodes. During endoscopy
and following explanation of the neuroprosthesis, the oesophageal
mucosa and lamina propria at the incision site demonstrated full healing
with anticipated fibrosis (Supplemental Figure 11g). Submucosal collagen
was found to be slightly separated and cushioning the implant as com-
pared to a control segment of the stomach, although no adverse bio-
compatibility concerns were seen (Supplemental Figure 11h).

Poly(carbonate) used as the outer cladding of our neuroprosthesis
is considered a biocompatible material and has been utilized in several
FDA-approved medical products ranging from surgical instruments
and IV connection components to cardiac surgery products and renal
dialysis-cases in which blood and other bodily tissues are in direct
contact. Further, poly(carbonate) grades are available that comply with
biocompatibility testing standards such as ISO 10993-1 and USP Class
VI. Thus, we do not anticipate any significant biocompatibility con-
cerns. Additionally, given versatility of thermal drawing the cladding
material of poly(carbonate) can in future be easily replaced by other
materials in the translational phases of this project.

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

Data availability

Source data are provided with this paper. The raw data are available for
research purposes from the corresponding authors on request. All
data associated with this study are presented in the manuscript or the
Supplemental Materials.

Code availability
The code utilized in this study is available in the supplementary
materials, and at this hyperlink https://zenodo.org/records/13338548.
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