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Needle-based injections currently enable the administration of a wide range of
biomacromolecule therapies across the body, including the gastrointestinal tract' 3,
through recent developmentsin ingestible robotic devices*”. However, needles
generally require training, sharps management and disposal, and pose challenges for
autonomous ingestible systems. Here, inspired by the jetting systems of cephalopods,
we have developed and evaluated microjet delivery systems that can deliver jetsin
axial and radial directions into tissue, making them suitable for tubular and globular
segments of the gastrointestinal tract. Furthermore, they are implemented in both
tethered and ingestible formats, facilitating endoscopic applications or patient
self-dosing. Our study identified suitable pressure and nozzle dimensions for
different segments of the gastrointestinal tract and applied microjets in a variety

of devices that support delivery across the various anatomic segments of the
gastrointestinal tract. We characterized the ability of these systems to administer
macromolecules, including insulin, a glucagon-like peptide-1(GLP1) analogue and
asmallinterfering RNA (siRNA) in large animal models, achieving exposure levels
similar to those achieved with subcutaneous delivery. This research provides

key insights into jetting design parameters for gastrointestinal administration,
substantially broadening the possibilities for future endoscopic and ingestible drug

delivery devices.

The earliest use of hypodermic needles for drug delivery in alarge
mammal was documented in 1656 by Sir Christopher Wren, who per-
formed intravenous injections of alcohol and opium in dogs®®. Since
then, hypodermic needles have become the mainstay for administra-
tion of therapeutic agents, including macromolecules such asinsulin,
vaccines and monoclonal antibodies. Endoscopic injections to gas-
trointestinal tract organs have also been widely adopted for various
treatments' 3. However, needle-based drug administration resultsin the
burden of sharps management, which is a challenge for both patients
and medical professionals. Furthermore, a recent study found that
recipients of injections and prescribing physicians prefer oral dos-
ing for administration of macromolecules, including with increased
frequency and larger-than-typical (000) capsules'. Recent develop-
ments in the field of drug delivery have demonstrated the potential
to deliver abroad set of macromolecules through self-administrable,
robotic ingestible devices, thereby optimizing the administration of
therapies that are traditionally reliant on parenteral routes. These

autonomous systems have included ones capable of self-orientation*,
self-unfolding’, self-inflating® and hypodermic needle retraction’, with
demonstrated successin preclinical or early clinical studies. However,
they have centred onthe application of solid needle formats for deliv-
ery. By contrast, microjet injection represents a needle-free mode of
administrationinwhicha collimated, pressurized liquid streamis used
to simultaneously penetrate tissue and deliver the drug. It has previ-
ously been applied and characterized for cutaneous delivery of macro-
molecules”, and has been applied to the buccal mucosa for vaccination
in rabbits™.

Drawing inspiration from the unique locomotion and ink-expulsion
capabilities exhibited by cephalopods, we recognized the poten-
tial of directional jet delivery in the gastrointestinal tract. Cepha-
lopods use pressure augmentation in their mantle to propel water
andink through amanoeuverable siphon, creating directional thrust
orink clouds to assist in the distraction and evasion of predators®
(Fig.1e). We took inspiration from this natural phenomenonto design

'Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA. Global Research Technologies, Device and Delivery Solutions, Global Drug Discovery
and Clinical Drug Development, Novo Nordisk A/S, Bagsvaerd, Denmark. *Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, Cambridge, MA, USA.
“Division of Gastroenterology, Department of Medicine, Brigham and Women'’s Hospital, Harvard Medical School, Boston, MA, USA. *Micro and Nanosystems, School of Electrical Engineering
and Computer Science, KTH Royal Institute of Technology, Stockholm, Sweden. ®Broad Institute of MIT and Harvard, Cambridge, MA, USA. "These authors contributed equally: G. Arrick,

D. Sticker, A. Ghazal. *e-mail: spby@novonordisk.com; cgt20@mit.edu

Nature | Vol 636 | 12 December 2024 | 481



Article

Radial Axial

Endoscopic Autonomous

d Endoscopic

e

o A Oy
o

Fig.1|Axial and radial MiDe jetting concepts for needle-free drugdelivery
to gastrointestinal organs. a, Radial endoscopic concept forjetdeliveryin
the oesophagus (MiDeg,qenq0)- b, Radial autonomous concept for jet delivery in
the smallintestine (MiDeg,qau0)- €, AXial autonomous concept for jet delivery
inthe stomach (MiDe,, .- d, Axial endoscopic concept for jet delivery inthe
colon (MiDe,g40)- INa-d, organimages are modified with permission from
Servier Medical Art under CCBY 4.0 (https://creativecommons.org/licenses/
by/4.0/).e, Visualization of a cuttlefish (Sepia officinalis), which s capable of
actively adjusting the jet direction relative toits axis of rotation (indicated by
the dashedline) and comparison between two distinct funnel orientations of

different microjet delivery (MiDe) systems, each with a unique, axial
or radial jet orientation for precise targeting of diverse conditions
within the gastrointestinal tract. There are two crucial high-level
design features of MiDe systems for the gastrointestinal tract. First,
there is the means of localization by which the jet is oriented with
the mucosa. Axial systems target cavernous or globular organs such
as the stomach or colon, in whichitis critical to actively localize the
axis of the jet, whereas radial systems are more suitable for narrower
tubular organs such as the oesophagus or small intestine, in which
localization of the jet is passively assured by its natural proximity
during transit. Second, there is the level of autonomy of the system.
Tethered systems are ideal for endoscopic applications in which the
therapeutic delivery eventis overseen and triggered at a precise loca-
tion and moment by a gastroenterologist, whereas autonomous or
‘self-standing’ systems are compatible with oral self-administration.
Here we draw from the principles of cephalopod locomotion torecog-
nize the medical necessity for axial and radial jet delivery in various
contexts within the gastrointestinal tract. We detail the prototyping,
characterization and application of jet injection devices tailored
for different gastrointestinal segments, including their deployment
in the stomach and small intestine. Our objective was to establish
both tethered and autonomous MiDe systems that are capable of
supporting radial and axial delivery (Fig. 1). We initiated the devel-
opment process by examining the dynamics of jetting in vitro, fol-
lowed by ex vivo assessments in potential target tissues to ascertain
the conditions for optimal intramucosal delivery. Subsequently, we
conductedin vivo trials using prototype devices with macromolecu-
lar therapeutics in large animal models, including pigs and dogs,
enabling us to measure systemic drug levels and assess effective-
ness. This multifaceted approach, incorporating both preclinical
and in vivo studies, presents a significant step toward expanding
the potential for advanced, endoscopic and ingestible drug delivery
jetting devices.
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the cuttlefishinaxial and radial directions (image used in modified form with
permission from Aleksei Permiakov). f,g, Corresponding MiDe drug delivery
devices with sequential frames capturing the jet dynamics from the axial
MiDe,auo delivery system (f; scale bar, 1 cm) and the radial MiDeg, g delivery
system (g; scale bars, 2 mm), before triggering (I), during jet expulsion (II) and
after the expulsion ceases (Ill). Ais the axis of rotation. h, Photograph of the
radial autonomous (MiDeg,q4a.0) and axial endoscopic (MiDe,,¢nq) drug
delivery systems alongside a 000 capsule for size reference. Scale bar,1cm.

i, Photograph showing the axial autonomous gastric delivery system
(MiDexu0) alongside a 000 capsule for size reference. Scale bar, 1cm.

Ex vivo tissue jetting experiments

After fully characterizing thein vitro performance of our experimental
jetting apparatus (for example, jetting period, force, power and pres-
sure factor; Extended Data Figs. 1and 2 and Supplementary Methods
1-3), we performed aset of ex vivo jetting studies using tissue samples
from the cheek, oesophagus, stomach, jejunum, colon and rectum
of female Yorkshire pigs to identify the threshold conditions for an
effective delivery to the submucosa. We first fixed the diameter of
the nozzle at 257 um and varied the input pressure (corrected mean
ampule pressure; Supplementary Methods 3, equation (E9)) between
2.9 and 55.4 bar, injecting each tissue type with a micro-computed
tomography (micro-CT) contrast agent and green dye solution. We
then performed additional jetting studies—varying bothampule pres-
sure and nozzle size—on tissue from the jejunum and stomach, since
the smallintestines and stomach would ultimately serve as the target
organs for our proof-of-concept prototype devices.

Figure 2a shows a depot forming in jejunal intestinal tissue, as cap-
tured by high-speed imaging. Exemplary histological images of result-
ing dye distribution in jejunal and stomach tissue samples are shown
inFig.2b. ‘Luminal’ shots representinjectionsin which only superficial
penetration was observed, ‘submucosal’ shots are those in which the
fluid was present in the submucosal layer and ‘intraperitoneal’ shots
are those in which the fluid penetrated all layers of the tissue. In the
submucosal shots, dye was observed to be present primarily in the
submucosal tissue for all tissue types. In the intraperitoneal shots,
dyeis distributed throughout the submucosa, muscularis and serosa
(dye that went through the entire thickness of the tissue is not shown).

Micro-CT scans of the submucosal volume (before diffusion correc-
tion) of exemplary injections from our study with all six tissue types
are shown in Fig. 3a. For a comprehensive quantification of success-
ful delivery, we introduce the term volumetric delivery efficiency
(VDE), which defines the ratio between the volume contained within
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Fig.2|Jetdynamics and histological characterizationreveals boluslocation
past the mucosal barrier. a, Frames from high-speed imaging showing a
depotformingin porcinejejunal tissue ex vivo (see Supplementary Video 1).

b, Representative haematoxylin and eosin (H&E)-stained histological tissue
sections of porcine jejunum and stomach (antrum/lower corpus). Tissue layers
arelabelled for reference and typical depositions (green) are shown for

the tissue and the volume expelled from the ampule. Compiled VDE
results and histology for this study are shown in Extended Data Figs. 4a
and 5, respectively. Figure 3b,c shows heat maps with results from our
three-dimensional VDE studies in jejunal and stomach tissue. The VDE
mean and uncertainty values (along withinput parameters, qualitative
notes and number of replicates) for every set of injections are tabulated
inSupplementary Tables 4 and 5. Consistent with transdermal obser-
vations™, our data show that for any given nozzle diameter, thereis a
positive correlation betweenjetting power and VDE in gastrointestinal
tissue.

Inaddition to nozzle size and input pressure, we varied the distance
between the orifice and tissue surface (standoff) and the angle between
the axis of the jet and the tissue surface. From these experiments, we
learned that at standoff distances of up to 5 mm, mean VDE changed
by approximately -20% (Extended Data Fig. 3h); and at angles of inci-
dence of up to 67.5° (with respect to the vertical), mean VDE changed
by approximately -40% (Extended Data Fig. 3i). These results indicate
that ajetting device does not need to be in direct contact with gastro-
intestinal tissue surface to produce the desired outcome. This result
pointsto a potential advantage of jets over solid or hypodermic needles
in the gastrointestinal tract, where intimate contact with the mucosa
cannot always be guaranteed.

Deviceimplementation

We used results from the above experiments to guide the design of the
four high-level system concepts previously described. We utilized two
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Shot 1 of 4

Shot 7 of 8

targeting the submucosaor theintraperitoneal space. Number of independent
replicates: n=1forjejunumand stomach control/luminal, n = 4 for jejunum
submucosal and intraperitoneal, n = 8 for stomach submucosal, and n= 6 for
stomachintraperitoneal (all with similar results as the representative sections
shown). Scale bars: 1 mm (jejunum) and 5 mm (stomach).

radial MiDe systems to target the small intestines: an autonomous small
intestine MiDeg,qau0 System (Figs. 1h and 4f) and a modified tethered
version for endoscopic delivery (MiDeg,q4enq0; EXtended Data Fig. 6b). We
alsoimplemented two axial systems: the endoscopic version, MiDe 40
(Fig.1h), and the autonomous self-standing version targeting the stom-
ach, MiDe,,, (Figs. 1i and 4i). The self-standing systems, MiDeg,qauco
and MiDe,,,, are capable of supporting 200 pl and 80 pl payloads,
respectively (Extended Data Figs. 6 and 7 and Methods).

Theradial devices (MiDeg,qngo aNd MiDeg,auco) USE the same nozzle
dimensions, with the MiDeg,45,, Using a dissolvable ‘pellet’ coupled to
support triggering of the system (Extended Data Fig. 6¢c-h) and using
aspringto pressurize the payload. Furthermore, the MiDeg, 4., device
is distinctively designed with two nozzles situated diametrically oppo-
site to each other. This configuration effectively counteracts the recoil
ordinarily associated with a single jet stream and thereby provides
stability during the injection phase (see images showing minimal recoil
inFig.1g). By contrast, the MiDe,,;,q, maintains stability during thera-
peutic delivery by mechanical fixation within the endoscope and its
payload is pressurized by activation of a valve connected to an external
pressure source (Extended Data Fig. 6a). The payload of MiDe 0 iS
pre-pressurized to approximately 60 bar (temperature dependent) by
anonboard CO,chamber separated from the payload by a piston, which
can deploy into the tissue following self-orientation as previously
described*. Its triggering mechanism is composed of a dissolvable
‘sugar plug’ and burst membranein front of the jetting orifice. When
the sugar plug dissolves, the pre-pressurized fluid ruptures the mem-
brane and canescape and formajet (as shown in Extended Data Fig. 9a)
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Fig.3|Exvivotissue characterizationfollowingliquid jet delivery to multiple
gastrointestinallocations. a, Exemplary submucosal depots from the cross-
organstudy with porcine tissue. Foreach organ, theimage on the leftis asingle
slice fromthe micro-CTscan. Brightregionsrepresent dye, dark grey regions
represent tissue and black indicates void. Theimage on therightis the
corresponding 3D reconstruction, with segmented submucosal fluid displayed
ingreen. For each example, the nozzle diameter (d;), corrected ampule pressure
(p:,") and mean VDE for the associated set (VDE,,,) areincluded. Organ cartoons
areincluded with permission from Servier Medical Art under CC BY 4.0

which penetrates the tissue beneath the device. As a result of the
exchange of momentum, the devicerecoilsin the opposite direction
of thejetat velocities of up to an estimated 4 m s (see image of recoil
inFig. 1f and high-speed imaging in Supplementary Videos 2 and 3).
Although all of the payload fluid is expelled from the device before
it recoils more than 1 cm, the recoil could have an adverse effect on
VDE and should be addressed in future device iterations. Additional
details about the operation, design, assembly, triggering, force profile
and CO, chamber of MiDe,, ., can be found in Extended Data Figs. 7
and 8c-fand Methods.
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(https://creativecommons.org/licenses/by/4.0/).b,c, Heat maps capturing the
VDE injejunal (b) and stomach (antrum/lower corpus) (c) tissue. The sizes of
the coloured boxes are arbitrary and the error bars next to eachbox represent
99% predictionintervals for corrected ampule pressure (per linear regressions
ofthe output performance of the jetting apparatus). The shade of the box
surrounding each experimental pointindicates the VDE of that point. Light
orangeboxesindicate shots that were observed to have gone through the
tissue (intraperitoneal shots). Lines of constant jetting power (P) are also
shown for reference.

Invivo studies

We used each of our MiDe systems to administer insulin to large animal
models. In the first set of experiments the axial endoscopic device,
MiDe,enq0, Was utilized to investigate the pressure dependency on the
pharmacological performance. Pressure ranges were chosen accord-
ing to ex vivo findings. A fixed dose of 30 nmol of aninsulin analogue
was used in all studies. Injection to pig small intestine at 3.5, 5 and
9.4 bar resulted in bioavailabilities (versus subcutaneous injection)
of 1% (s.d. 1), 38% (s.d. 18) and 69% (s.d. 22), respectively (Fig. 4a,e).
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Fig.4|Invivo testing with proof-of-conceptjetting devices.a,b, Plasma
concentration of insulin analogue after jet delivery (0.21mgin 200 pl) at
differentjet output pressures to pig smallintestine (a) and dog stomach antrum
(b) using MiDe 40 (Under anaesthesiawithrecovery directly after).a,n=3
pigsfor3.5and 5.0 barand n =7 pigs for 9.4 bar.b, n=4 dogs for11.3 bar and
n=7dogsfor24.5bar. ¢, Plasmaconcentration of long-acting inactive GLP1
analogue after jet delivery to pig smallintestine using MiDeg,q¢nq, (at 14 £ 1.5 bar)
(n=6pigs)ororaldosing of tablets with achemical enhancer formulation to dog
stomach (n =8 dogs). Dataare normalized by dose and body weight.d, Serum
concentration of siRNA (20.4 mgin120 pl) delivered to pig smallintestine
using MiDe,,nqo at 9.5 bar (n =7 pigs) and subcutaneous control (SC; n = 4 pigs).
e, Insulin bioavailability for each MiDe device. nrepresents number of animals.
c.v., coefficient of variation. f, Section diagram of the autonomous intestinal

Time (h)

device, MiDeg,qau0- & Plasma concentration of insulin analogue fromin vivo
deployments (0.21 mg in 200 pl) with MiDeg,gau (inserted into pigjejunum
under anaesthesia, and activated and injected in fully awake animals 60 to

90 min postinsertion). Results shown for device deployments (n =7 pigs),
subcutaneous controls (n = 6 pigs) and negative controls (NC; anintraluminal
injection to the smallintestine; n =8 pigs). h, X-rayimages frominvivo
deployment of MiDeg,gauo in Pigs. i, Section diagram of the autonomous gastric
device, MiDe 4 u0-j, Plasma concentration of humaninsulin fromin vivo
deployments (0.25 U kgin 80 pl) with MiD e,y in pigs. Results shown for
device deployments, subcutaneous controls, intragastric controls (IG) and
negative controls (n =3 pigs per group). k, Endoscopicimage fromin vivo
deployment of MiDe . in pigs. Dataina-d,g,jare mean s.d.
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In dog stomach, injections at 11.3 and 24.5 bar with a nozzle diam-
eter of 257 um resulted in bioavailabilities of 26% (s.d. 37) and 90%
(s.d.24), respectively (Fig. 4b,e). Injections to the small intestine
and the stomach revealed a positive correlation between pressure
increase and systemic exposure (bioavailability). These in vivo stud-
ies refine our understanding of pressure requirements for high VDE,
complementing our ex vivo tissue experiments. The integration of
heat map datawith pressure scaling studies provides amore accurate
representation of physiological conditions, underscoring the value
of validating findings across different experimental models.

Inaddition toinsulin, afixed dose of 68 nmol of along-acting inactive
GLP1 analogue was delivered to pig small intestine using the endo-
scopic MiDeg,qend0, Which resulted in bioavailability of 67% (s.d. 43).
MiDeg,4enao dOsings were compared to the oral formulation of the
long-acting inactive GLP1analogue, which achieved modest oral bio-
availability” of approximately 1% (Fig. 4c). In our exploration of larger
molecule absorption, MiDe,,,4, Was used to administer a21-kDasiRNA,
resulting in bioavailability of 82% (s.d. 37) (Fig. 4d).

On the basis of the pressure escalation study using the endoscopic
MiDe systems, our autonomous devices were adjusted to deliver at
pressures with high exposure values. For MiDeg, .., a fixed dose of
30 nmol of aninsulin analogue was used in all studies. Intestinal devices
were placed directly into the jejunum with an endoscope. Triggering
was confirmed by inspection of the spring with X-ray imaging (Fig. 4h).
In the case of MiDe 4, a Weight-based dose 0f 0.25 U kg was used in
allstudies. Animage of MiDe,,,,, in the stomachis shownin Fig. 4k. The
invivo triggering event is shown in Supplementary Video 4.

Upontriggering, blood samples were taken at regular intervals for up
to8 h.Intotal, seveninjections with MiDeg,45,cc and three injections with
MiDe 4.0 Were successfully executed. Pharmacokinetic insulin expo-
sure profiles for the two devices are shown inFig. 4g,j. For MiDe,, ., the
pharmacokinetic profiles of three intragastric control trials, in which
the mucosa of the gastric antrum was injected with the same dose via
Carr-Locke needle, and three negative control trials, in which devices
were deployed with the same dose, but drastically reduced pressuriza-
tion (<5 bar), were also plotted. The bioavailabilities in the MiDeg 4auco
and MiDe,, ., studies were 31% (s.d. 21) and 23% (s.d. 4), respectively
(Fig.4e). Toevaluate the safety profile of device transit throughout the
gastrointestinal tract, devices were administered to Yorkshire pigs and
safe passage was documented for all devices (Extended Data Fig. 10b-f).

Building on the pharmacokinetic studies of MiDeg,gauror Q
proof-of-concept study to validate the successful targeting of the small
intestine and subsequent exit from the gastrointestinal tract was per-
formed, incorporating a pH-sensitive capsule around the activation
pellet. In a peroral dosing using a scaled version of MiDeg,ga, €ach
devicetransited the gastrointestinal tract without any adverse events,
and in four out of the six animals, activation at the intended target
location within the proximal smallintestine was detected. Verification
with C-arm fluoroscopy and a contrast agent accurately traced the
passage and activation of the devices along the gastrointestinal tract
(Extended Data Fig. 10j,k). These results not only reinforce the safety
and precision of MiDeg,q4a.0, DUt also demonstrate the effectiveness of
our pH-sensitive capsule in ensuring precise targeting, further solidify-
ing the promising therapeutic application of the device concept.

Discussion

Here we present the development and characterization of a family of
MiDe systems for axial and radial delivery of macromolecules in the
gastrointestinal tract by needle-free means. These devices achieved
systemic double-digit bioavailability of macromolecule drugs by jet-
ting, representing an order of magnitude improvement over currently
prescribed oral biologic dosing methods”, on par with other ingestible
robotic devices*”. Future development will involve optimization of
the jetting expulsion event through adjustment of ampule pressure,
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nozzle dimensions and ejection volume. Additionally, further optimi-
zation of the localization mechanisms, particularly in relation to the
effect of concomitant food intake, is necessary for the development
of MiDe systems.

The optimized MiDe g4, (9.4 bar) and MiDe 4, (24.5 bar) injec-
tion conditions for an insulin analogue had bioavailability c.v. values
of 31% and 27%, respectively, which are comparable to both the vari-
ation seen in our ex vivo VDE assessments (Fig. 3b,c) and the c.v. for
traditional needle-based subcutaneous pen injection in humans for
basalinsulin, reported tobe 28% for NPH (neutral protamine hagedorn)
insulin and 33% for insulin glargine'. Given that subcutaneous pen
injectors operate under tight control and our endoscopicjet delivery
devices are optimized, biological variability emerges as the key driver
of variation, minimizing the effect of relative tissue differences. It is
also worth noting that there is recognized variability in absorptionin
the gastrointestinal tract in clinical settings, owing to factors such as
patientsize, age, health and food intake". Thus, the oral route may be
initially best suited for therapeutics with abroad therapeutic window
and long half-life (such as semaglutide). As our understanding of effec-
tive human translation expands, this will inform future ideal active
pharmaceutical ingredients that could be included in the family of
devices described here.

Bioavailbility c.v. values of 68% and 16% were observed for autono-
mous delivery in the MiDeg,gau:o and MiDey, a0 Studies, respectively.
As shown in the ex vivo evaluation (Extended Data Fig. 3h,i), the
VDE decreases by up to 40% when the jet-tissue angle is 45°. The
self-orientating feature of the MiDe,,,,, device autonomously aligned
the device on the stomach floor and tests were conducted in anaesthe-
tized animals, whichis likely to explain the low variability. By contrast,
the MiDeg,qau0 device migrates in an awake animal for an hour before
injection, and the jet position and orientation to the tissue are not
controlled beyond maintaining co-axial positionin the intestine (owing
tothe aspectratio of the device), resulting in an increased variability.

In light of the presented investigations, our study supports effec-
tive absorption of large molecules (insulin, GLP1analogue and siRNA)
usingjetinjection technology, with comparable pharmacokinetics to
standard subcutaneous injection. Furthermore, astudy involving the
same injection location as used here for MiDe ., has demonstrated
good absorption of monoclonal antibodies, providing astrongindica-
tion for effective absorption of larger proteins using our jet injection
method’. Future work could expand on this to investigate amolecular
size-to-absorption dependency for effective delivery via this method.
The introduction of approaches that enable high systemic bioavail-
ability have the potential to enable the oral delivery of therapies that
are currently largely limited to parenteral routes and reduce the cost of
goods by decreasing the total mass of active pharmaceutical ingredi-
entsrequired, asthe MiDe platform essentially approximates parenteral
dosing, in contrast to enhancer-mediated absorption™,

Further development will involve additional miniaturization to mini-
mize the risk of obstruction. Of our devices, only MiDe,, ., currently
falls withinthe footprint of ingestible devices previously approved by
the US Food and Drug Administration for regular dosing®. Decreasing
payload volume (andif necessary, increasing the active pharmaceutical
ingredient concentration) is the most direct way to reduce the overall
footprint. Doing so would not only save space, but could also reduce
the spring force and stroke length requirements, enabling the use of
smaller springs and thinner walls. Furthermore, if a single dose was
divided over multiple, smaller devices, the failure of a single device to
achieve high VDE would have less consequence on the bioavailability
ofthe overall dose. Further optimizationis essential to ensure reliable
activation timing. The simplicity and flexibility of ingestible jetting
devicesallow for cost-effective improvements, and compatibility with
high-throughput manufacturing and expanding biodegradable materi-
als supportscalability and environmental considerations. Key factors
such as patient anatomy (for example, Roux-en-Y gastric bypass and



strictures), co-morbidities (such as achlohydria) and feeding status
must be considered when deploying these devices. Stability during
storage and protection from premature exposure to moisture are also
critical for commercial viability. Future development willinclude safety
testing to ensure readiness for human clinical trials.

In conclusion, the penetration of mucosal tissue in the gastrointes-
tinal tract using jets has shown promise for the oral and endoscopic
delivery of biological agents. Consistent delivery of liquid payloads
across multiple gastrointestinal tissue types was achieved using
proof-of-concept prototype devices, which demonstrated bioavail-
ability of greater than 10% for insulin, GLP1analogue and siRNA. Beyond
the optimizations addressed above, future work shouldinclude broader
in vivo testing with additional therapeutic agents, along with ex vivo
testing using porcine and human organs to better understand biologi-
cal variability.
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Methods

Jet physics and theoretical model

To study the influence of jetting parameters (ampule pressure, jet
diameter and jet velocity) on tissue deposition, a theoretical model
was derived (Extended Data Fig. 1a and Supplementary Methods 1).
Thejettingapparatus used to investigate jet delivery into ex vivo tissue
is described and characterized in Extended Data Fig. 1b-g. The main
components of this apparatus were ahandheld jetting device for gener-
atingjets,and apiezoelectricforce transducer (9215 A with 5165A4KH10
LabAmp amplifier; Kistler Instrument) and software (Network Setup
Wizard; Kistler Instrument) for measuring jetting impingement force
(at 200 kHz sampling frequency). Based on previous literature and
theory, variation of nozzle diameter and ampule pressure has the high-
estimpact on penetration in soft tissue*® 2, A subset of 4 exemplary
jetting force profiles with a 257 um nozzle is shown in Extended Data
Fig.1c.Fromtheseforce profiles the experimental period of the jetting
event, T (Extended DataFig.1d), the experimental steady-state jetting
force, F;,, (Extended DataFig. 1e), and the experimental steady-state
jetting power, P, (Extended Data Fig. 1f) were extracted. An expanded
set of results, including all nozzle-pressure permutations, is shown
in Extended Data Fig. 2a-g and the procedure is described in Supple-
mentary Methods 2 and 3.

To examine the effect of fluid viscosity on jet performance the ampule
pressure and diameter were fixed and viscosity was measured®%
between1and 219 cPa. The system pressure factor dropped signifi-
cantly—from amean of 0.82to amean of 0.40 (Extended Data Fig. 2h),
while no significant changes were observed for the CT contrast fluid
(Extended DataFig. 2i,j).

Porcine tissue excision and processing methods

Female Yorkshire pigs, 3-5 months old and weighing 35-70 kg were
used. After euthanasia (procedure described below), amidlineincision
allowed access to the abdominal cavity. Stainless steel pean forceps
were placed at the oral and aboral part of the organ of interest. The
organ was then separated from the omentum and removed from the
carcass withascalpel. Precautions were taken to ensure that the tunica
serosa and other important tissue layers were kept intact. After exci-
sion, the tissue was placed ina plasticbag kept onice and shipped to the
laboratory where ex vivo injections were performed on the same day.

Bulk sections of tissue ranging from 10 to 35 cminlength (depending
onthe organ) were extracted from the organs with Mayo scissors and
placedinto beakers filled with phosphate buffer solution (PBS), pH 7.4.
For both the cheek and oesophagus, tissue from the entire organ was
used. For the stomach, only tissue from the antrum/lower corpus was
used. For the small intestine, only jejunal tissue at least 20 cm from
the pylorus was used. For the colon and rectum, distal sections were
used. An image of a bulk section of rectal tissue is shown in Extended
DataFig. 3b.

Smaller sections of tissue (approximately 4 x 4 cm, the final sam-
ple size) were extracted from the bulk with scissors. These samples
were further cleanedin aseparate wash beaker with PBS to remove any
remaining chyme or debris. Finally,immediately before injection, the
tissue samples were placed on a piece of foamina 6.5 x 4.7 cm plastic
dish.Intotal, the time between euthanasia of the animal and injection
experiments was 2-3 h.

Exvivojetinjection study with porcine tissue

Prior to each set of ex vivo experiments, the polycarbonate ampules
were lubricated toimprove sliding of the plunger. To accomplish this,
the ampules were dipped in a mixture of 5% hexamethyldisiloxane,
95% deionized water solution, then left to dry overnight. Before each
injection, the ampule was filled with 232 pl of an aqueous mixture con-
taining 30% micro-CT contrast agent (lomeron 350 mg ml™; Bracco),
1% greentissue dye (WAK-HM-G-1/60, WAK-Chemie Medical) and 69%

deionized water. The ampule was then mounted onto the handheld
jetting device and theinput pressure of the device was adjusted to the
desired level with a digital pressure regulator. An example image of the
device positioned forinjectionis depicted in Extended DataFig.3c,d.
Finally, the triggering sleeve was actuated, causing the jetting injection
event. Between two and eight replicates were performed for each pair
of pressure-diameter inputs, with certain sets of shots performed on
the same tissue sample (space permitting). All experimental points
canbe found in Supplementary Table 3.

Computed tomography scanning (Phoenix Nanotom M micro-CT;
GE Inspection Technologies) was used to evaluate each sample. The
stage and detector were positioned at travel distances of 1330 mm and
300 mm from the X-ray source, respectively. Background detector
calibrations were performed before each scan series. Scans were per-
formed atatube voltage of 100 kV, radiation intensity of 100 pAand a
target scan time of 6 min.

Allscans were performed 10-15 min after injection. After each scan,
the tissue samples were placed in plastic histology cartridges (Extended
DataFig. 3e) and stored in 10% formalin solution. Although it was not
possible to maintain the original structure of the depot with this storage
method due to diffusion and dissolution, the use of green tissue dye in
the payload fluid dye enabled us to later identify the tissue layer(s) in
whichthe depotresided. The entire injection and scanning procedure
isdepicted in Extended Data Fig. 3a.

Volumetric diffusion, standoff distance and jetting angle ex vivo
studies

Using the methods described above, we also performed a set of studies
todetermine the impact of volumetric diffusion within tissue, standoff
between nozzle andtissue, and angle of incidence between the jet and
tissue on delivery characteristics.

To evaluate the effect of diffusion on the apparent volume of fluid in
tissue afterinjection we performed a set of calibration experiments and
found that the apparent volume of fluid in tissue increased at arate of
0.5 +0.1% per min (95% confidence interval). Results from this diffusion
study are shown in Extended Data Fig. 3g. GraphPad Prism (GraphPad
Software) was used to calculate the linear rate of change of volume
with 95% confidence (the intercept was set at 0, 0). Furthermore, the
upper error boundary from this analysis was used to make conserva-
tive corrections to VDE estimates in subsequent analyses. Photos and
diagrams showing theinjection, scanning and segmentation processes
are shown in Extended Data Fig. 3b-f. Additional scans from jejunal
and stomach tissue are shown in Extended Data Fig. 4b-e. Next, each
setof injections was semantically categorized as luminal, submucosal
orintraperitoneal based on where most of the micro-CT scanned fluid
resided on average.

Theresults of the nozzle-to-tissue standoff and angle study are shown
in Extended Data Fig. 3h,i. For the angle study, a constant standoff of
5 mmwas chosen.

Histological imaging of samples from ex vivo injection studies
Tissue samples were fixed in 10% formalin solution for a minimum of
24 h. They were then processed in an ASP300S fully enclosed tissue
processor (Leica Biosystems), embedded in paraffin waxand cutona
microtomein4 pmthick sections. Fromthere, sections were mounted
on glass slides and stained with haematoxylin and eosin. Finally,
the slides were scanned on a NanoZoomer S60 Digital Slide scanner
(Hamamatsu Photonics) at 40x. Results from this process canbe seen
in Fig. 2b and Extended Data Fig. 5.

Processing of volumetric data from ex vivo injection studies

Acquisition, processing and reconstruction ofimages were performed
with Phoenix Datos|x (GE Measurement & Control). Examples of pro-
cessed scansareshowninFig.3aand Extended DataFig.4b-e. Once the
scanning and reconstruction was complete, asegmentation of regions



ofthe contrast fluid that were on top of, beneath and contained inside
the tissue was performed. A simplified representation of the segmen-
tation process is shown in Extended Data Fig. 3f. A standard Student’s
t-distribution was used to determine 95% confidence intervals for the
submucosal volume and VDE. Statistical analysis was applied only after
all other quantitative analyses—including segmentation and diffusion
correction—were complete. Further details on the processing of volu-
metric data are provided in Supplementary Methods 4.

Axial endoscopic device prototype MiDe, 40

The MiDe .40 Prototype can deploy a therapeutic dose via the working
channel of an endoscope. A schematic of all its components is shown
in Extended Data Fig. 6a. The MiDe .4, System consists of a nitrogen
pressure tank, a pressure controller, an air-tight 18 ml polycarbonate
drug reservoir with an internal plunger separating pressurized gas
from the drug product, a high-speed valve operated by a microcon-
troller and 2.8 m of polyether-ether-ketone (PEEK) tubing capped
with a computer numerical control (CNC) machined PEEK adapter
andstainless steel nozzle. Polytetrafluoroethylene (PTFE) sealing tape
was used atalljunctions to ensure air-tight connections. The stainless
steel nozzle was assessed to have a 254 pm diameter with scanning
electron microscopy. Jetting is conducted by loading the reservoir
and tubing with the drug product, applying the desired pressure, and
then opening the high-speed valve toinitiate jetting. Operating valve
times were characterized for each jetting pressure such that 200 pl
was ejected. In Fig. 4a,b, valve times were 120 ms, 97 ms, 77 ms, 75 ms
and 50 ms for the 3.5 bar, 5.0 bar, 9.4 bar, 11.3 bar and 24.5 bar jetting
pressures, respectively.

Radial endoscopic device prototype MiDeg,qendo

In this study, a spring-loaded drug delivery device with a radially ori-
ented jetting nozzle was utilized (Extended DataFig. 6b). Activation of
the device was achieved through a pneumatic tube, which also served
as a tether for holding the device in place. The pneumatic tube was
threaded through the endoscopic working channel for simultaneous
delivery and positioning. The device, capable of ejecting adrug volume
of 188 pl, was designed with aninflatable bag, featuring a diameter
of 32 mm, to ensure optimal device-tissue proximity. Further details
on the operation, design and assembly of MiDeg, .4, are provided in
Supplementary Methods 5.

Autonomous intestinal device prototype MiDeg,4uco

The devices were used with the minor assistance from an endoscope.
Itistriggered viaadissolvable ‘polymer pellet’ that holds a detent pin
captive. When the polymer pellet dissolves, the detent pinisreleased,
allowing the spring to pressurize the ampule. The device is placed
directly into the duodenum with an endoscope and allowed to trig-
ger and pass without further assistance.

The nominal ampule volume and diameter for MiDeg g, are 200 pl
and 6 mm, respectively. The stainless steel spring used in the device
has aninitial force of 70 N, resulting in corrected ampule pressures
of 14 + 1.5 bar (n =48). The nozzles are oriented radially, and its diam-
eteris 240 +10 pm (95% confidence, n = 8). The overall footprint of
the deviceis depicted in Extended Data Fig. 6¢c-h. The device is made
of machined polyoxymethylene (POM), PEEK and common metals.
The piston seals are made from NBR-70. A photo of this device is
shown in Fig. 1h and a section view is shown in Fig. 4f. Diagrams of
MiDeg,qauo DEfOre and after assembly are shown in Extended Data
Fig.6c-h,and each oftheassembly stepsaredescribedinSupplementary
Methods 6.

Autonomous gastric device prototype MiDe,, uco

The autonomous axial prototype (MiDe,,.,) Can deploy a therapeutic
dose to the stomach via direct oral ingestion. The device relieson a
sugar plug-based triggering mechanism which passively degrades in

the stomach. The sugar plug is located directly in front of the nozzle
orifice, so the payload fluid—whichis constantly pressurized—cannot
escape fromthe chamber. To prevent the payload fluid from degrading
the sugar plug, the plugis separated from the orifice exit by a thin poly-
meric burst membrane. Thus, when the sugar plug dissolves enough
so that it can no longer support the pressure exerted by the payload
fluid, the burst membrane ruptures and the payload exits the device
as a columnar jet. A diagram of the triggering mechanism is shown in
Extended Data Fig. 9a.

As the stomach is a cavernous organ, we needed to implement
an axial localization mechanism to align the jet. To achieve this, we
drew inspiration from the methods used by Abramson et al.* in their
self-orientating system. MiDe ., i510.8 mmin diameter and 11.8 mm
in height, with a centre of mass 3.5 mm above the bottom face. The
diameter of the nozzle orifice is 298 + 10 pm (95% confidence, n=3).
The nominal ampule volume and diameter are 80 pland 7.9 mm, respec-
tively. These ampule dimensions, combined with the pressure require-
ments for delivery in the stomach, mandated use of arelatively strong
spring. We found that any sufficiently strong coil or disk spring’s mass
interfered with the device’s self-orientation properties, sowe decided
to use compressed CO, at its saturation pressure of 60 bar instead.
Assuming a pressure factor of 70%, we deemed the aforementioned
nozzle diameter to be most appropriate per our heat map results
inFig.3c.

Inorder to both maintain self-orientation and safely contain the gas
pressure, we chose to machine the bottom piece of the MiDe,, ., from
brass and its top piece from 7075 aluminium. The piston is made from
POM, the seals fromsilicone rubber and the burst-film from 25 pm thick
fluorinated ethylene propylene (FEP). A photo of this device is shown
in Fig. li and a section view is shown in Fig. 4i. Diagrams of MiDe .o
before and after assembly are shown in Extended DataFig. 7, and each
of the assembly steps are described in Supplementary Methods 7.

Force profile studies with MiDeg,4xucc and MiDey, 40

The aim of the force profile studies was to determine whether the
devices we had fabricated produced sufficiently strongjets to deliver
therapeutics. AKistler 9215 A piezoelectric force transducer was again
used to measure jetting force. Because MiDe,,¢nq, and MiDeg, 4.0 have
identical ampules, springs and nozzles, we decided that it was only
necessary to test the latter of the two devices. Diagrams of setups for
force profile testing of MiDeg,qauo aNd MiDe 4.0 devices and their
associated results are shown in Extended Data Fig. 8. Further details
are provided in Supplementary Methods 8.

Formulation of therapeutic payloads

For the MiDe y,n4o aNd MiDeg,gauo Studies—including controls—we
used aninsulin payload solution (pH 7.4) with the following concen-
trations: 244.2 pMinsulin analogue (Novo Nordisk), 8.05 mM sodium
phosphate dibasic, 1.96 mM potassium dihydrogen phosphate and
140 mM sodium chloride. This solution (200 pl) was added to the
device, resultinginaninsulin dose of 0.28 mg (8 U). For the siRNA, a pay-
load solution with a concentration of 170 mg ml™in10 mM phosphate
buffer at pH 7.4 was used. The solutions were stored at 4 °C until they
were used.

For the MiDe 4, Studies—including controls—we used an insulin
payload solution (7 < pH < 8) which was tailored based on the animal’s
weight. To make this solution, between 10 and 20 mg of human insu-
lin powder (Novo Nordisk) was weighed, and the exact mass noted.
The insulin was then added into a 2 ml vial, followed (successively)
by the following excipients: 600 pl 0.1 M sodium hydroxide, 0.5 mg
PF68 (Sigma-Aldrich), 12.6 mg HEPES (Sigma-Aldrich), 300 ul 0.1M
hydrochloric acid and 100 pl deionized water. This solution was then
diluted with deionized water in a separate vial based on the weight
of the animal (35-80 kg) and payload volume of the device (80 pl) to
achieveadoseof 0.25Ukg™
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Invivo pharmacokinetic exposure studies

Allin vivo pharmacokinetic studies were performed either at MIT or
Novo Nordisk’s animal facilities by trained veterinary technicians and
complied withrelevant ethical regulations on animal research. Our pro-
cedures werereviewed and approved by review boards ateach respec-
tive site (Committee on Animal Care at MIT and the Animal Experiment
Inspectorate, Ministry of Justice, Denmark). For MiDe 0, MiD€gadauto
and MiDe 4, (exclusively smallintestine delivery) studies, female LYD
(crossbred Landrace, Yorkshire and Duroc) pigs (body weight 50-70 kg;
Novo Nordisk) and female Yorkshire pigs (body weight 35-80 kg; Tufts
University, USA) were used, and for the gastric MiDe ¢4, Study, female
Beagle dogs, from 10 months old and weighing 8-13 kg were used.
Pigs were placed onaliquid diet up to two days before each study and
fasted overnight with the aim of reducing the amount of chyme and
food debris in the gastrointestinal tract.

Onthe day of the study, anaesthesia was induced either with propofol
intravenously (5mland supplemented as needed) or with a mixture of
Telazol (tiletamine/zolazepam; 4-6 mg kg™) and xylazine (2-4 mgkg™)
intramuscularly. Immediately after sedation, animals were transferred
to an operating room where they were intubated and immediately
provided withisoflurane (1.5-3% mixture with oxygen). The isoflurane
was used throughout the entire duration of the study to maintain anaes-
thetization. During the study, vital signs were continuously monitored
and noted atleast every 15 min. Vital signs included breathing rate, end
tidal CO,, oxygen saturation (Sp0O,) level in blood and pulse rate. The
maximum period of anaesthetization was 4 h for non-terminal proce-
dures and 8 h for terminal procedures. Whether a study was terminal
was decided inadvance and depended on external factors such as the
age and weight of the animal.

During studies in which a device was deployed, a100 cm over-tube
(McMaster-Carr Tygon PVC tubing, 5/8 inch internal diameter,
13/16 inch outer diameter) was inserted into the oesophagus. This
over-tube made it easier to transfer devices to and from the target
location. The over-tube was removed immediately after device deploy-
mentwas completed. For subcutaneous control studies, we used al ml
syringe with ahypodermic needle to administer the same dose as with
thejetdevice to the subcutis onthe animal’s belly or neck. For intralu-
minal or intragastric control studies, we used a Carr-Locke needle and
endoscope to administer the same dose to the target organ.

Blood sampling was performed viaa central line placed eitherinthe
ear (for non-terminal studies) or the femoral vein (for terminal studies).
Though sampling frequency and duration varied depending on the
test site and type of study, in general, samples were extracted at least
every 15 min for the first 2 h and then at least every hour forup to 8 h.
Inthe case of non-terminal studies, blood samples were drawn fromthe
ear-catheter after the animal was recovered. Each blood sample was
extracted from the catheter with a3 ml syringe, then stored onice in
tubes pre-coated with EDTA. After collection, samples were centrifuged
for 10 min at 1,500g. From there, 500-600 pl of plasma from each
sample was extracted with pipettes and deposited into 750 pl Micronic
tubes (Micronic). Plasmafromeachtime point was storedinup tothree
separate aliquots at —80 °C until bioanalysis was performed.

In the case of terminal studies, pigs were euthanised with 80-100
mg kg™ pentobarbital sodium intravenously or via an intra-cardiac
injection.Inall cases—before euthanasia—full anaesthetization was veri-
fied by the absence of pain-responsive reflexes (for example through
alimb withdrawal test).

For the inactive GLP1analogue tablet control study, 8 healthy male
Beagle dogs (2.8-3.5 years old, 9.9-14.5 kg) were fasted overnight for
>18 h, beforereceiving asingle tablet orally the next morning along with
10 ml of tap water. Tablets contained 2.65 mg active pharmaceutical
ingredient, 101 mgsodium N-[8-(2-hydroxybenzoyl) aminocaprylate]
(SNAC), 66.7 mg nicotinamide, and 0.8 mg magnesium stearate. To
reduce inter-individual variance among dogs, all dogs received a

subcutaneous glucagon injection (3.2 nmol kg™) 10 min prior to the
tabletadministration. Approximately 0.8 ml of whole blood was drawn
into EDTA-coated tubes at the time points 5,10, 15,20, 30,45 min,and 1,
1.5,2,4,7,and 10 h, respectively, including one baseline sample imme-
diately before dosing.100 pl plasmafrom each sample was transferred
into Micronic tubes and subsequently centrifuged at 4,000 rpm for
4 minat4°C.

Invivo deployment of MiDe, 40, MiDe€gadendo AN MiDeg, qauto
Allthree devices were assembled and filled with the therapeutic payload
within 10 min of deployment. The MiDe,;,.4, device was then threaded
through the endoscope’s channel and inserted into the over-tube. To
reachthesmallintestine, the endoscope was furtherinsertedinto the
pylorusand advanced 10-20 cminto the smallintestines. Duringin vivo
endoscopic operations, the jetting nozzle of the MiDe 4, device was
positioned orthogonal to the tissue and secured in place by activating
the elevator onthe endoscope (to prevent MiDe ¢4, from recoil during
thejetting event). At this point, the device was triggered and blood sam-
ple collection was initiated. After jetting, MiDe .4, Was held in place
for10 s, then removed to allow for optical observation of the delivery
site. The device was then withdrawn from the animal, disassembled,
cleaned with isopropyl alcohol or soapy water and stored for future
use. Results from MiDe .4, Studies canbe found in Fig. 4a,b for small
intestine and stomach depositions, respectively.

The MiDeg,qengo Was attached to the front of the endoscope viaarigid
pneumatic tube which was fed through the working channel of the
endoscope and allowed the operator to extend and retract the device
asneeded. Aswith MiDe,,;,4,, an over-tube was used to reach the small
intestine. To secure the device in place and establish its proximity to
thetissue, the attached bag wasinflated viaa pneumatic tube threaded
throughthe second working channel. A pressure of 25 mbar was applied
for inflation. After optical confirmation of successful inflation, the
devicewasactivated to deliver theintended drug dosage, followed by
deflation of the bag using negative pressure and retraction of the device.

The MiDeg,qauo device was gripped with endoscopic forceps and
inserted into the intestine directly. The MiDeg,qau device was then
released fromthe endoscope, the endoscope retracted from the animal
and the animal went through emergence from anaesthesia. Once the
animal was fully awake the device actuated autonomously. X-rays were
recorded 4 h after dosing to inspect the device’s spring and thereby
determine whether it had triggered. All devices (n = 7) successfully
activated in the small intestine. The above study was executed suc-
cessfully seven times with MiDeg, 41,0 @and aninsulin analogue payload.
Results from the MiDeg, a4 Studies can be found in Fig. 4g.

To establish that there is no systemic exposure when peptides are
delivered to the lumen of the small intestine (no disruption to the
mucosal barrier) a negative control was performed. Eight female LYD
pigs weighing 50-70 kg were anaesthetized according to the same
anaesthetic protocol listed above. Once under deep and stable anaes-
thesia, an endoscope was navigated to the proximal small intestine of
each animal. When in location, a primed tubing was fed through the
working channel of the endoscope and 50 nmol (200 pl of 250 puM solu-
tion) of an insulin analogue was delivered to the lumen via a syringe
attached to the primed tubing. The tubing was primed with the liquid
insulin solution for 30 min before the procedure to mitigate any leech-
ing of insulin into the tubing material during dosing. Thereafter the
tubing was flushed with freshinsulin before each dosing. After dosing,
the animals wererecovered, and blood samples were taken for the next
4 h. The samples confirmed that there was no plasmaexposure for each
of the eight animals.

Invivo deployment of MiDe 4o

MiDe, .o devices were filled and pressurized within 10 min of deploy-
ment. The device was then dropped into the over-tube and advanced
into the stomach with an endoscope. Once inside the stomach, the



endoscope was used to monitor the device. An endoscopicimage of a
MiDe a0 in the stomach is shown in Fig. 4k. The device was continu-
ously monitored until triggering occurred, at which point the time was
marked and blood sampling was initiated. When triggering occurs, the
device visibly jumps (because of recoil). After triggering, the device was
retrieved with a Roth Net Standard Retriever (Steris). The device was
then disassembled, and actuation of the piston was confirmed through
inspection. Finally, the device parts were cleaned with isopropyl alcohol
and stored for future use. The above study was executed successfully
three times with MiDe,, .- Results from the MiDe,, ., Studies can be
foundinFig. 4j.

For negative control studies with the MiDe,, .., We repeated the
original procedure and dosage, except instead of using CO, for pres-
surization, we used a weak spring (which generated pressures no more
than 0.5 bar). All the above control studies were successfully executed
three times.

Bioanalysis of blood samples

Blood samples from animal experiments were analysed for human
insulinor insulinanaloguein plasmausing an AlphaLISA assay (Perkin
Elmer), for the GLP1analogue in plasma using LC-MS and for siRNA in
plasma using the Meso Scale Discovery platform. Further details are
provided in Supplementary Methods 14 for the human insulin and
insulin analogue assay and in Supplementary Methods 15 for the siRNA
quantification.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data that support the findings of this study are available within
this paper, its supplementary information and the source data that
are provided with this paper. Any additional information is available
upon request.
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Extended DataFig.1|Setup forjetting performance study and physical
characterisation of jet dynamics. a, Diagram of anideal jetting system.

b, Diagram of our test-stand for the jetting mechanistic study. When the clamp
isreleased, the hand-heldjetting device canbe removed so that the ampule
canberefilled. ¢, Jetting impingement force vs. time profiles for four different
ampule pressures (10.6 Bar,14.1Bar,17.7 Bar and 21.2 Bar; n = 3 technical
replicates per ampule pressure). For all experiments shown in this figure

we used our pressure-regulated jetting test stand, anozzle with an orifice
diameter of 257 pmand deionized water (p =1000 kg:-m=, v =1cP) as the

working fluid. d, Measuredjetting period for each of the fourampule pressures.

Pressure (Bar)

Pressure (Bar)

The columnsrepresent experimental performance, while the dashed line
represents theoretical performance per equation (E2) (see Supplementary
Methods1). e, Measured steady-state delivery force for the four ampule
pressures. The theoretical curve was calculated using equation (E3).
f,Measured delivery power for each of the four ampule pressures determined
by inputting each of the force measurementsinto equation (E4). The
theoretical curve was calculated using equation (E5). g, Experimental pressure
factor from each of the four ampule pressures, calculated by inputting force
measurements and corresponding theoretical valuesinto equation (E8) (see
Supplementary Methods 3). In (d-g), individual values are shown as black dots.
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Extended DataFig.2|Summary of results forjetting performance study.
a, Summary of jetting period values as determined by calculating the elapsed
time between the beginning and end of the jetting event. b, Summary of
steady-state forces as measured directly by the force transducer. ¢, Summary
of steady-state flow rate calculated from the force using the Bernoullienergy
balance (Supplementary Methods1).d, Summary of peakjetting forces as
measured directly by the force transducer. e, Summary of percentage force
overshootvalues as calculated by equation (E6) (see Supplementary Methods 3).
Thesevalues were used to generate the linear regressions in Supplementary
Fig.2and Supplementary Table 2.f, Summary of steady-state power values as
calculated by Equation E7.g, Summary of pressure factor values as calculated
by Equation E8. These values were used to generate the linear regressionsin
Supplementary Fig.1and Supplementary Table 1.In (a-g), each different shade
ofthe horisontal columnsrepresentsacertain nozzle diameter ranging from
167 um (darkest) to 551 um (lightest). Dataare mean (reflected by the column

Ampule pressure [Bar) Ampule pressure (Bar)

lengthand written next to each column) and individual values (black dots)
(n=3technicalreplicates). The pressure labels on each horisontal columnin (a)
arevalid for columnsin the same positionin (b-g). h, Results from our evaluation
of jetting performance at varying working-fluid viscosities with d; =257 um
nozzle and p;, = 14.1Bar. Viscosity was varied by changing concentration of
dissolved glycerol. Theinitial data point shows the performance of deionized
water (DIW). The dotted lineindicates ideal jetting performance. Dataare
mean (diamonds), 95% confidence intervals (error bars) and individual values
(black dots) (n =3 technical replicates). i, Comparison of output jetting forces
ateach ofthreeampule pressures between DIW and the contrast agent we used
insubsequent ex vivowork (d;=257 pm).j, Comparison of corresponding
pressure factors ateach of the threeampule pressures between DIW and the
contrastagent (d; =257 um). In (i-j), dataare mean and individual values (black
dots) (n=3technicalreplicates).



Article

d Hand-held
jetting device
Device is
removed
between
trials

Adjustable
linkage

Regulated
air supply -

(@]
=

Volumetric
analyses

N

S;/\\;

A

Sectioning
and

|

e

histology

Intraperitoneal

20— 40— 20—
§ 204 : . *
€ 15+ Nl . 0--—3
3 S8 9 9
£ o a7 € =
S 10 0 Y &S [ W .20~
- S olS A > >
E 5- __9?-5-92'[?" ¢ | -40-
© e . @
> he L ] L ]
0 T T T T 1 -60 T T T 60— T | |
0 5 10 15 20 25 0.0 2.5 5.0 0.0 225 450 67.5
Delay (min) Standoff (mm) Angle relative to vertical (degrees)

Extended DataFig.3|See next page for caption.



Extended DataFig. 3 |Exvivo tissue testing, procedure for segmenting
scanned volumes and ex vivo characterisation. a, First, the tissue is placed
onablockoffoamina petridishfilled with buffer solution. Next, the hand-held
jetting deviceis positioned above the sample with an adjustable linkage, and
thedeviceistriggered. Inbetweentrials, thejetting deviceis removedso that
itsampule can berefilled with the payload fluid (amixture of aiodine-based
contrast agentand green tissue-staining dye). After injection, the tissue is
transported toanimaging facility whereitis scanned with amicro-CT machine.
After scanning, the tissueis stored in formalin and sent to the histology facility
while the 3D datafrom each micro-CT scan are then segmented (seef). b, Bulk
sections of rectal tissue approximately 15 cminlength. ¢, The hand-heldjetting
deviceclampedtothelinkage and positioned above atissue sample.d, Close-
up oftheampule positioned above asample with the standoff collar fixture

attached. e, Rectal tissue samplesin histology storage cassettes after injection.

f, During the procedure for segmenting scanned volumes, firstly, the micro-CT
scanisreconstructed sothat 2D slices canbe extracted. Then, astarting plane
isselected and 2D polygons are drawn to create segmented regions of interest

(ROIs).Each2Dsliceis then checked and, if necessary, the original ROIs are
adjusted to maintain the desired segmentation. Finally, 2D ROIs on all slices are
connected to create 3D ROIs so that all relevant voxels can be segmented into
luminal, submucosal and intraperitoneal categories. g, Linear regression of
volumetric diffusion of contrast agentin tissue afterinjection. Individual data
points areshownasblack dots (n =4 tissue sections from the same animal for
each10and20 mindelay). The solid line represents the regression line with
theinterceptsetat0,0and theshaded regionrepresents the 95% confidence
interval for theslope. h, Impact of standoff on VDE. The experimental
replicates are referenced with respect to the mean of the control replicates at
0 mm standoff (n = 6 tissue samples for 0 and 5 mm standoffand n = 8tissue
samples for 2.5 mm standoff, all from the same animal). i, Impact of angle of
incidence on VDE. The experimental replicates are referenced with respect to
themean of the control replicates at O degrees (n = 4 tissue samples per angle
ofincidence, all from the same animal). In (g-i), all replicates were taken at
d;=257 pmand p;,’ =11.6 = 0.7 Bar. In (h-i), individual replicates are shown as
black dotsand means as horisontal lines.
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Extended DataFig.4|Organcomparisonstudy results. a, Each sub-plot
inthisfigure correspondstooneof thirteen corrected ampule pressures
marked atthebottom. The corrected ampule pressure interval between each
sub-plotis not constant. The upper, middle and lower sections of each sub-
plotrepresent the luminal, submucosal and intraperitoneal tissue region,
respectively. Each coloured bar has alength corresponding to100% of the
expelled volume and its position on the vertical axis represents the distribution
of expelled volume between the tissue regions at the respective ampule
pressure. Error barsrepresent 95% confidence intervals for the position of the
colouredbars. Asan example, for the colon tissue bar (brown) in the second
sub-plot, approximately 75% of the volume is in the lumen and 25% within the
submucosal tissue (and this distribution isbetween approximately 100%/0%
and 45%/55% with 95% confidence). Likewise, for the oesophagus tissue bar
(darkblue) inthe last sub-plot, approximately 45% of the volume is within the
submucosal tissue and 55% in the peritoneum (and this distributionis between
approximately 90%/10% and 0%/100% with 95% confidence). Allexperiments

showninthis figure were performed with contrast agentat d; =257 pm. Number
of replicates (tissue samples): n = 2 for oesophagus (28.6 Bar) and rectum (8.8
and 42.2 Bar), n = 6 for oesophagus (48.9 Bar) and stomach (48.9 and 55.4 Bar),
n=_8forstomach (35.5and42.2Bar) and n =4 for all other organs and ampule
pressures. Colonand oesophagus samples originate from one animal, intestine
samples from four animals, rectum and cheek samples from two animals, and
stomach (antrum/lower corpus) samples from five animals. Exact VDE and
uncertainty values, along with qualitative notes can be found in Supplementary
Table 3. b-e, Micro-CT scans of atop-, side-and 3D-view of two different shots
fromthesamesetofinjections. Theinput parametersand VDE of the set are
detailed in the title of each panel. Submucosal depotsinjejunal and stomach
tissue areshownin (b) and (c), respectively. Inthese shots, most of the fluid is
inside of the tissue. Intraperitoneal shotsin jejunaland stomach tissue are
shownin (d) and (e), respectively. In these shots, most of the fluid is in the foam
beneath the tissue witha small depot visiblein the tissue.
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Tissue Cheek Shot 4 of 4
n 4
d; 257 ym
Pin’ 35.5+2.2 Bar
VDE,,, 17+18%
Depth Submucosa 25mm
Tissue Esophagus Shot 1 of 4
n 4
d; 257 um
Pin’ 42.2+2.6 Bar
VDE,,, 19+59%
Depth Submucosa 2—5&-
Tissue Stomach Shot 7 of 8
n 8
d; 257 pm
Pin’ 42.2+2.6 Bar
VDE,,, 71+44%
Depth Muscularis 25 mm
Tissue Jejunum Shot 1 of 4
n 4
d; 257 ym
Pin’ 14.5+0.9 Bar it
VDE,,, 88+21% =
Depth Submucosa 1mm
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Depth Peritoneum 2.5 mm
Tissue Rectum Shot 4 of 4
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d; 257um
Pin’ 28.6+1.7Bar
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Depth Muscularis 25mm

Extended DataFig. 5| Histology from organcomparisonstudy. Eachrow
shows a histological section of an exemplary injection (shot) in each tissue
type fromthe organ comparison study. A control section for each tissue type
(withoutany injection) is also shown for reference. The tables on the left

provide detailsabout the set of injections from which each section was taken.

Control

2.5 mm
——

Control

2.5 mm
|

Control

2.5 mm
.|

Control

1 mm
E——

Control

2.5 mm
|

Control

2.5 mm
—————|

Forexample, thefirst tableindicates that the adjacent histological section
was taken fromone of fourinjectionsin cheek tissue with d;=257 pmand

pin’ =35.5+2.2Bar, the VDE of this set of injections was 17 + 18% and the typical
depth of penetration for this set of injections was submucosal.
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Extended DataFig. 6 | Section diagrams of axial and radial endoscopic
MiDes together with assembly steps of the radial autonomous MiDe.

a, System description of the axial endoscopic MiDe (MiDe,,¢.q,) including
asectiondiagram.b, Section diagram of the radial endoscopic MiDe
(MiDeg,qengo)- Proximity bag not shown. ¢, Exploded view of MiDeg, gy With
partslabeled (pre-assembly). d, Trigger fabrication stepsin which the polymer

pelletismade by injection molding PVA. e, The filling steps in which the payload
fluidisadded tothe device’sampule.f, The load setting stepsin which the
springiscompressed and fixed in place. g, The final assembly step in which the
ampule and spring sub-assemblies are joined. h, Views of MiDeg,45.o after the
device has been filled (post-assembly).



”

a Top
Bottom \
Setscrew with \
sugar-plug

Burst film

.

&2
Top

(isometric)

Bottom
(isometric)

Bottom

AN

Extended DataFig.7| Assembly of axial autonomous device for gastric
delivery (MiDe,,a.co)- @, Exploded view of MiDe,, . With parts labeled
(pre-assembly). b, Trigger fabrication steps in which the sugar plugis pottedin
thesetscrew.c, Thefilling stepsinwhich the payload fluid isadded to the device.

d, The pressurisation stepsinwhichdryiceisaddedtothe deviceand thetopis

joinedtothebottom.e, Views of MiDe,, 4, after the device hasbeen filled and

pressurised (post-assembly).
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thresholds for VDE performance based onlinear interpolation of previous
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Extended DataFig. 9| Design and testing of gastric device. a, Our sugar-plug
and burst-membrane based triggering mechanism. The stepsinvolvedin
triggeringare as follows: (I) The deviceis placed inasolvent, (II) The solvent
begins to dissolve, (I11) As the dissolution nears completion, the burst-
membrane becomes unsupported and begins to deflect, (IV) When the sugaris
completely dissolved, the burst membrane ruptures, releasing the jet. b, Setup
forimagingthetriggering eventinwhich the deviceis placed onafilmwitha

holeover abeaker, thentriggered withadroplet of water. Further details
areprovided in Supplementary Methods 9. ¢, Qualitative results from the
triggering tests showing proportion of successes to the two observed failure
modes.d, Mass loss vs. time for five different MiDe 4., devices. e, Gas leakage
rate for five different MiDe,, 4., devices. Dataare mean+95% confidence
intervalsas calculated with linear regression and interceptsetat0, 0. Further
detailsare provided in Supplementary Methods 10.
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Extended DataFig.10|Passage, inflammation and gastric transit.

a, Endoscopicimage of three MiDe 4., dummies in the stomach on day zero
ofthe study. b-f, X-rayimages of the right flank of the pig showing the progress
of device passage from day O to day 25. Further details are provided in
Supplementary Methods12.g, Sections from the in vivo inflammation study
employing gastric devices. No major reactions were observed (though one

minoracute inflammatory focus was located in the submucosa of Set A, Slice 1).

Further detailsare provided in Supplementary Methods 13. h-i,Jet penetration
wounds from ex vivo studies (for comparison). j, Example X-ray images (dog 2)

following co-administration of scaled-MiDeg,qa4, devices (to a 00-el capsule
size) and applejuice (pH3.3) and acontrastagentin a Beagle dog model. Apple
juicewasusedto ensure ahuman-like acidic pH environmentin the stomach,
and an enteric capsule was placed over the activation module of the device.
X-rayimaging was performed at 15 minintervals to assess the device location
and activationtime.k, All six devices transited the stomach within2 hand
activated between 60 and 75 min. Four of six devices activated in the small
intestine (as desired), and four of six devices were passed by the dog in 24 h.
Further details are provided in Supplementary Methods 11.
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All data that support the findings of this study are available within this paper, its Supplementary information and the Source data that are provided with this paper.
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Reporting on sex and gender Not applicable

Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were not determined due to the proof-of-concept study nature of this work. Herein we are exploring small-scale experiments
and exploratory investigations to assess the device concept feasibility and viability. The primary focus here is to gather initial evidence or
insights rather than determining a sample size based on statistical considerations.

Data exclusions  No data were excluded.

Replication Jetting performance study: n=3 technical replicates per condition
Ex vivo tissue jetting - characterisation study: n=4-8 tissue samples per condition
Ex vivo tissue jetting - organ comparison study: n=2-8 tissue samples per tissue type and ampule pressure
Ex vivo tissue jetting - heatmap study: n=2-8 tissue samples per tissue type, nozzle size and ampule pressure
Histology (organ comparison study): n=1 tissue sample for each control and n=4-8 independent tissue samples following jetting (for each
tissue type [depot location]: cheek, oesophagus, antrum [submucosal and intraperitoneal], jejunum [submucosal and intraperitoneal], colon,
rectum)
Force profile testing of proof-of-concept jetting devices: n=2-4 technical replicates
In vivo testing with proof-of-concept jetting devices: n=3-8 animals per condition
Specific n values are provided in each figure legend. All attempts at replication were successful and all experimental data were reproducible
between independent experiments.

Randomization | Randomization of animals was conducted to minimize physiological bias and increase validity of experimental results. Additionally, controlled
experimental conditions (i.e., animal pre-treatment) and counterbalancing (weight, dose normalization) were introduced where assessed
meaningful (see Methods).
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Blinding No blinding was conducted as the studies focused on objective measurements and observations where inanimate objects were studied.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
] Antibodies [] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Antibodies

Antibodies used HUI-018 (1212-0000-0087; Novo Nordisk; Clone name 02A2; 1gG1; Mouse; specificity for human insulin).
NN454-1F31 (1212-0000-0096; Novo Nordisk; Clone name A6; 1gG1; Mouse; specificity for gGlu-fatty diacid protraction).
4F1 (M-hinsulin-4F1A3B1; 1212-0000-0257; Novo Nordisk; IgG1; Mouse; no cross-reactivity to dog and pig insulin).
S1(1212-0000-0107; Novo Nordisk; Clone name C3D3E3; IgG1; Mouse; specificity for human insulin; cross-reactivity for dog, pig, and
rat insulin <1%).

Validation The antibodies were produced at Novo Nordisk. Their identity and quality have been checked by Nanodrop, SEC-HPLC, LC-MS and

SDS Page. The combination of antibodies used in the human insulin assay was qualified for purpose by covering the following issues:
1) selectivity, 2) sensitivity and range, 3) inter- and intra-assay variability, 4) dilution linearity and 5) interference.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Ex vivo jet injection study: Female Yorkshire pigs, 3-5 months old, 35-80 kg.
In vivo pharmacokinetic exposure studies with MiDeAxAuto, MiDeRadAuto and MiDeAxEndo (small intestine delivery): Female
Yorkshire pigs, 35-80 kg.
In vivo pharmacokinetic exposure study with MiDeAxEndo (gastric delivery): Female Beagle dogs, from 10 months old, 8-13 kg.
In vivo pharmacokinetic exposure negative control study: Female LYD (Landrace Yorkshire Duroc) pigs, 50-70 kg.
In vivo pharmacokinetic exposure inactive GLP-1 tablet control study: Male Beagle dogs, 2.8-3.5 years old, 9.9-14.5 kg.

Wild animals This study did not involve wild animals.

Reporting on sex The primary objective of the studies conducted was focused on investigating the mechanistics of jetting and pharmacokinetics, with a
specific emphasis on toxicology being out of scope for the research. Furthermore, the study design aimed to minimize potential
confounding factors and sources of variation that could influence the outcomes. By selecting a more controlled and standardized
experimental setup, enhancing the ability to detect and evaluate the effects of the specific jetting parameters or intervention under
investigation. While recognizing that sex can play a significant role in certain areas of research, the specific study at hand did not
involve aspects where sex-specific findings were expected or directly relevant to the research objectives.

Field-collected samples  This study did not involve samples collected in fields.

Ethics oversight Committee on Animal Care at MIT and the Animal Experiment Inspectorate, Ministry of Justice, Denmark.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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