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Localized gastrointestinal (Gl) drug
delivery offers potential for enhanced
treatment of Gl disease. We demonstrate
Dissolving Microneedies the use of an actuator-embedded
ingestible electronic capsule to achieve
localized delivery of drug-loaded
microneedles. Rapid magnetic triggering
is achieved via melting of a low-melt
adhesive, and the rapid deployment of a
cantilever actuator facilitates reliable
localized delivery. This device will enable
study and clinical implementation of
advanced drug-delivery approaches for
more effective treatment of Gl disease
with minimized side effects.
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e Handheld magnet enables triggering from outside of the body
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THE BIGGER PICTURE Gastrointestinal (Gl) diseases are a widespread health challenge and are particularly
hard to treat, with difficulty partially stemming from the debilitating side effects of commonly used drug treat-
ments. A promising approach to improve patient outcomes is the use of localized drug therapy to isolate
treatment of specific locations or organ systems, thereby increasing local drug concentrations and
decreasing undesired side effects. In this work, we show that an ingestible actuation device triggered by
an external magnet has the capacity to treat diseased sites in the intestinal tract. The developed capsule
passively transits the Gl tract and deploys microneedles at predetermined afflicted areas. This ingestible
technology could significantly improve both efficacy and tolerability of various drug treatments, supporting
new and more effective Gl disease management protocols.

SUMMARY

Localized gastrointestinal (Gl) drug delivery could substantially increase therapeutic efficacy for Gl disorders
by increasing the local concentration while reducing systemic side effects. Prior examples of localized oral
drug delivery exhibited insufficient localization or reduced efficacy due to the mucosal barrier or are prohib-
itively complex and cumbersome for clinical practice. We demonstrate a scalable, ingestible capsule device
that is remotely triggered using a handheld magnet, delivering drug-loaded microneedles to the intestinal
tract in 2.91 + 0.48 s. The system uses a resistive heating element to melt a binding adhesive, triggering
deployment of cantilever actuators that insert microneedles into the intestinal tissue. Magnetic reed switches
(6—10 ampere-turns [AT]) trigger the heater by closing at <1 mT field strength reliably. The demonstrated sys-
tem is a major advancement for localized drug delivery and has significant potential to augment treatment of

Gl disorders, resulting in increased patient comfort, compliance, and treatment efficacy.

INTRODUCTION

The gastrointestinal (Gl) tract of the human body interfaces with
the external environment and serves the unique role of absorbing
nutrients into the body through its selectively permeable
mucosal barrier and densely dispersed capillary systems.'™
The ability of the mucosal barrier to exclude entry of many
drug types based on size and chemistry is a significant challenge
for oral drug delivery, despite being the preferred route by pa-
tients compared to parenteral routes (e.g., intravenous or intra-
muscular).*® Moreover, the treatment of Gl-specific disorders
like inflammatory bowel disease (IBD) and intestinal cancer is still
challenging as, for many orally delivered therapeutics, much of
the dose is absorbed off-site and reaches the systemic circula-
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tion, causing undesirable systemic side effects.”'° Localized
treatment targeting sites of affliction is a promising strategy to
reduce overall dosing and thus drug side effects while enabling
increased local concentration and efficacy.'''? In the Gl tract,
this approach can be facilitated by devices that actuate to
release or inject drug into the intestinal tissue.

Inrecent years, ingestible devices for monitoring of the Gl tract
have surfaced that can perform optical, pH, temperature, and
gas sensing, along with other electrochemical sensing applica-
tions."®° These sensing ingestible capsules are designed to
assess physiological conditions for scientific exploration and
disease diagnosis. Most prominent of these examples is the
PillCam, a capsular endoscope that uses a camera integrated
with electronics for data communication.?*~2® Notably, ingestible
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Figure 1. Depiction of the capsule opera-
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devices can access the small intestine, which is largely not
accessible to endoscopes.”® These tools not only enable diag-
nostics, but also can locate sites and regions in need of treat-
ment. Thus, ingestible sensing systems provide a framework
for localized drug delivery; however, the tools to achieve drug
localization have yet to appear in medical practice.

Advanced drug-delivery approaches for the Gl tract have been
developed that provide superior control over dose release char-
acteristics. Regional-targeting pH-responsive pill coatings were
developed in the 1950s; these circumvent drug release in the
stomach and dissolve in the small intestine for passive targeted
drug release.*?’ Not until recently were ingestible devices devel-
oped with triggering mechanisms, like combustion and magnetic
actuation, to release drug payloads on command into the intes-
tinal lumen.?®? While these examples achieved localization,
they failed to bypass the epithelial barrier effectively. Micronee-
dle drug delivery in the Gl tract has been shown to effectively
penetrate the Gl wall and release drugs into mucosal tissue to
bypass the mucosal barrier.***° pH-responsive and dissolvable
materials have now been used as triggering mechanisms in
ingestible robotic pills that passively insert micro-/milli-needles
into the mucosal tissue in the stomach and small intestine. %2
These devices solve the key issue of bypassing the mucosal bar-
rier, enabling oral delivery of biological macromolecules like in-
sulin, yet they still suffer from a low regional targeting ability
defined by pH-specific Gl regions. Alternatively, combining
active triggering with actuation is a straightforward technique
to achieve true localization, enabling targeting of drug delivery
to sites of need on command. Lee et al. recently showed a novel
example of localized microneedle drug delivery using an external
electromagnetic actuation (EMA) system.*>** However, the use
of complex external electromagnetic systems is costly, requires
operational expertise, and is ultimately prohibitive in a clinical or

2 Device 2, 100438, October 18, 2024

Dissolving Microneedles

at-home setting. Our group has recently
demonstrated a thermomechanical actu-
ator for localized drug delivery in the GlI
tract that could achieve deployment in
under 15 s.*° Nevertheless, this example
is an isolated actuator having yet to be in-
tegrated in an ingestible device and suf-
fers from viscoelastic effects limiting the
response time and deployment longevity.

In this paper, we present a magnetically controlled cantilever
actuator capsule (Figure 1) that uses flexible polyether ether ke-
tone (PEEK) cantilevers to deliver a drug payload to specific
locations in the Gl tract. This systemis triggered by a simple circuit
composed of a button cell battery in series with a magnetic reed
switch and resistive heating element. When exposed to magnetic
fields above ~0.5 mT, the magnetic reed switch closes, allowing
current to pass through the heater, causing joule heating and
melting of an adhesive ethylene vinyl acetate (EVA) layer holding
the cantilever in place. Following deployment of the cantilever,
the drug-loaded microneedles insert into the tissue, and the canti-
lever detaches from the capsule. Critically, this configuration en-
ables deployment of the system using an innocuous nonspecific
magnetic field, such as that generated by a handheld neodymium
iron boron (NdFeB) magnet (Figure S1). Cantilever deployment oc-
curs rapidly (<3 s), and PEEK exhibits excellent creep resistance
to extend shelf life. Moreover, the compact and customizable
nature of the actuation system makes it amenable to further multi-
plexing to target multiple points of interest. Overall, the demon-
strated technology has the potential to bring localized drug-deliv-
ery technology to clinical practice—revolutionizing treatment
efficacy and tolerability for Gl disorders.

RESULTS AND DISCUSSION

Assembly and operation

Fundamentally, the cantilever actuator capsule system consists of
a magnetic reed switch in series with the 2L76 button cell battery
and resistive microheater to trigger actuation when exposed to a
magnetic field (Figure 1B). The heater is fabricated by a standard
lift-off process on a Kapton substrate (Figure S2). The reed switch
is electrically joined to the battery via spot welding, and electrical
connections between the heater, battery, and reed switch are
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Figure 2. Design overview and magnetic
triggering mechanism

(A) Computer-aided design (CAD) rendering of the
system overview depicting electrical and pack-
aging capsule components.

(B) Close up of the magnetic reed switch in the
open and closed states showing the reed gap and
contact, respectively.

(C) Rendered assembled capsule showing the
resistive heating element and the overhang used
to restrain the fixed end of the cantilever.

(D and E) The cantilever (D) and the cantilever
under the overhang (E) that restrains during flexure
and releases when relaxed.

(F) Magnified view of two cantilevers before
deployment.

(G) Characterization of the magnetic triggering
mechanism showing the switching field strength
and switch resistance for different designed
switching strengths (n = 3). Data are represented
as the mean + SD.
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formed via soldering and silver (Ag) conductive-paste-filled chan-
nels in the cantilever module. The capsule shell directly attaches
to the cantilever module and contains the battery, reed switch,
and associated wiring, while the cap attaches to the other side
of the module to create a rounded end shape (Figure 2A). The
capsule shell, cap, and cantilever module are all 3D printed using
a liquid crystal display (LCD) vat photo-polymerization (VPP) pro-
cess of biocompatible resins, and the capsule is assembled by at-
taching the shell and caps to the cantilever module using biocom-
patible urethane adhesive (Figure S2). Cantilevers are attached on
the fixed end using loose restraints in the module that hold during
cantilever flexure but allow release after deployment. The free end
of the flexed cantilever is held in place by a low-melting-point ad-
hesive (EVA) that melts when heated by the heater. Attached to
the free end of the cantilever is a 3 x 3 drug-loaded microneedle
array that penetrates the intestinal tissue, releasing drug following
deployment. Prior work investigating dissolving microneedles
suggests that a microneedle array with needle lengths of
600 um and spacing of 600 um effectively penetrates and trans-
fers drugs from microneedles into tissue.>*“%*’ The cantilever
actuator is triggered by the resistive heater melting the adhesive
holding the cantilever in place. Current flow through the heater
is controlled by the magnetic reed switch connecting the heater
and battery (Figure 2A).

Magnetic triggering
The triggering mechanism for the drug-release capsule relies on
the state of the magnetic reed switch to initiate cantilever actua-

10-15 AT

1
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e tion. Figure 2B shows the magnetic reed
0-6_‘3 switch composed of a glass package
7] « . N
04 containing inert ggs, ferromagnetic

5 reeds, and leads exiting the glass pack-
°-2;,§, age. The unperturbed open (left) and
polarized closed states (right) show

15-20 AT the gap and contact, respectively, of the

two reeds. When in a magnetic field, the

two ferromagnetic reeds suspended in
the glass package generate temporary magnetic polarization, at-
tracting each other and forming electrical contact. To evaluate
the effectiveness of the reed switch in the given environment,
this contact was assessed on the benchtop, and the required
magnetic field for switching and switch resistance were evalu-
ated. The switching field strength and switch resistance were
evaluated (Figure 2G) to understand the impact of the designed
switching strength, measured conventionally in ampere-turns
(AT), on these characteristics. Magnetic reed switches with
designed switching strength of 6-10, 10-15, and 15-20 AT ex-
hibited ascending switching field strength as expected. The
6-10 AT switches closed at 529 + 117 uT (n = 3), 10-15
AT switches closed at 702 + 282 uT (n = 3), and 15-20 AT
switches closed at 1,278 + 212 uT (n = 3). This range of field
strength is suitable because it exceeds commonly encountered
magnetic fields but is readily achievable with handheld magnets
or portable electromagnetic (EM)-generating devices. For
example, the earth’s magnetic field strength varies between
approximately 20 and 68 uT,*® and commercial medical equip-
ment utilizes up to 1.5 T.*° Moreover, these microtesla magnetic
fields exhibit little magnetic force pulling on the capsule; at a 1
mT field the capsule generated <10 mN of force on the capsule,
far less than that required to begin damaging intestinal tissue.*°
Notably, the switch resistance also follows a similar trend,
ascending with switch strength. The immediate reason for this
is unclear, although it may result from increased reed rigidity or
experimental variations. While switch resistances exhibited rela-
tively large standard deviations, the resistance remained below
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1 Q, significantly less than the heater (>50 Q), resulting in a negli-
gible impact on the power dissipation of the heater. While all
examined reed switches are suitable and show minimal potential
for bodily harm, these results demonstrate that the 6-10 AT
switch is ideal due to its lower switching field strength and switch
resistance, increasing the likelihood of successful deployment.

Using the NdFeB N52 magnet shown in Figure S1, the reed
switch was triggered from a distance of 11.6 + 0.4 cm (n = 3) (Fig-
ure S9). This is sufficient to reach through the mean half-thick-
ness of the human sagittal abdominal diameter (10.85 cm).”"
However, in cases of larger individuals, stronger magnetic fields
may be required for sufficient magnetic field strength to reach
the central regions of the intestinal tract. In practice, the use of
a handheld electromagnet would provide sufficient field strength
at greater distances to effectively trigger the actuator.

Mechanical analysis of the cantilever

The cantilever actuator stores elastic potential energy by flexure
of the cantilever about the capsule circumference and is de-
signed to deploy by melting of the adhesive EVA followed by
detachment from the capsule after deployment, shown in Fig-
ure S3. Figure 2C shows a magnified view of the heater and
cantilever in position, where the fixed end of the cantilever can
be seen resting under the overhang in the cantilever module,
enabling fixture during compression and detachment after
deployment. Figure 2D shows the cantilever with attached
drug-loaded microneedles, an 8.5 x 3 mm rectangular shape
with 1 mm fillets to eliminate sharp edges, precluding tissue
damage after deployment. The cantilever actuator relies on the
internal stresses in the flexed cantilever to deploy rapidly with
the appropriate force. The most important success criteria are
(1) achieving rapid actuation (<5 s) to target specific locations
before moving significantly due to intestinal contractions and
(2) achieving suitable force to insert microneedles without
damaging intestinal tissue (100-500 mN) given the 2 x 2 mm mi-
croneedle array patch.’® To evaluate the response time and
force dynamics, mechanical tests were performed by deploy-
ment of the cantilever into a load cell.

The following materials were selected for evaluation owing to
their biocompatibility and known bulk mechanical properties
(i.e., high modulus and resistance to stress relaxation): PEEK,
cellulose acetate (AC), polyester (PES), polycarbonate (PC),
and ultra-high-molecular-weight polyethylene (UHMWPE). The
materials used here are well characterized in their bulk form
with established mechanical properties. Nevertheless, the per-
formance of these different materials in the context of this mech-
anism is not entirely predictable. Thus, evaluation in realistic
conditions was conducted to understand the impact on function-
ality. Finite element method (FEM) models indicated that thick-
nesses in the range of 75-500 um would be suitable to achieve
the desired forces (Figure S4). Figures 3A-3F show the results
of mechanical tests of various cantilever materials and thick-
nesses. For all cases, a 10 mg proof mass was used to approx-
imate the microneedle array weight and inertial contributions
without influencing the results due to dampening by the micro-
needle structure. Figures 3A and S5 show a representation of
the deployment experiment before deployment (t < 4 s) and after
deployment (t > 4 s) with the accompanying force profile for a

4 Device 2, 100438, October 18, 2024

Device

127 um PEEK cantilever. Cantilever deployment occurs rapidly,
resulting in a peak force higher than the equilibrium force due to
the inertia of the mass and cantilever. The force then equilibrates
to a steady state within milliseconds resulting from the elastic
cantilever force on the load cell. While this is evident in the
case of PEEK (Figure 3A), other materials tested exhibited
gradual deployment and progressive force profiles on the load
cell (Figure 3C). This is due to the viscoelastic properties, specif-
ically stress relaxation, of the polymeric cantilevers. Figure 3C
highlights this effect showing the difference between the rapid
deployment of a PEEK cantilever and gradual deployment of a
UHMWPE cantilever. For elastic applications, high viscoelastic
character due to stress-induced molecular rearrangements is
an inherent challenge for polymers; this is not only because it re-
sults in slow deployment, but also because the extent of relaxa-
tion changes with time, making corrections for prolonged
deployment time impossible.®”> Overall, thicker cantilevers are
more susceptible to stress relaxation because they are subject
to higher compressive and tensile strains on the bottom and
top surfaces, respectively. However, the thicker cantilevers
also exhibit higher forces, as evidenced by Figures 3D and 3F
comparing the deployment forces of varied thicknesses of
PEEK between 76 and 508 um (n = 3).

The challenge of stress relaxation of polymeric structures is
one that has been encountered previously for miniature polymer
spring deployment.“® While polymers interface well with the soft
intestinal tissue, they are susceptible to the aforementioned
viscoelastic properties. To specifically assess long-term tran-
sience of deployment, cantilevers underwent prolonged bending
at 130° for 72 h in a 3D-printed bending apparatus meant to
emulate bending in the capsule as shown in Figure 3H. Following
the 72 h, bending images revealed the residual angle of the can-
tilevers (Figure 3G). As expected from its high modulus and resis-
tance to stress relaxation, PEEK outperformed other materials
(PC, PES, and AC), and thicker cantilevers exhibited further
relaxation. Thus, PEEK was the chosen material for this applica-
tion. The 254 ym PEEK cantilevers presented the ideal balance
of deployment force, 180.8 + 17.0 mN (n = 3), and relaxation
angle, only 21° over 72 h of bending. Furthermore, the 21° initial
relaxation did not proceed proportionately over a 60 day period,
resulting in only 32° of relaxation after the 60 days in flexure.
These viscoelastic characteristics make the 254 um PEEK canti-
lever an excellent choice for this application, delivering rapid
deployment response and prolonged shelf life compared to prior
examples of similar technologies.

Optimization of the resistive heater

The restive heating element is a critical component determining
the deployment time of the cantilever actuator by melting of the
EVA adhesive that holds the cantilever in flexion. Design and
optimization of the heater must account for input power con-
straints, deployment time, and reliability. In a prior development
of a similar thin-film heating mechanism,*® the heater resistance
was controlled by modifying the deposition thickness of the Au
traces. To achieve the fastest deployment time with the given ge-
ometry, the resistance was tuned to ~50 Q based on the peak
discharge current (60 mA) achievable from the 2L76 coin
cell battery and assuming an ~3 V potential difference. This
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Figure 3. Mechanical analysis of the cantilever

) Force profile throughout deployment with representative renderings of the capsule before and after deployment into the load cell.

B) Image of the cantilever module after deployment of one cantilever.

C) Comparison of PEEK and UHMWPE illustrating the rapid response of the PEEK material compared to the slow viscoelastic response of the UHMWPE.

D) Deployment profile of different PEEK thicknesses.

F) Plot of PEEK cantilever thickness vs. actuation force between 76 and 508 um (n = 3). Data are represented as the mean + SD.
G) Images of cantilevers after prolonged bending showing the residual angle. Dotted lines represent half of the residual bend angle.

) The bending apparatus.

A
(
(
(
(E) Comparison of PEEK, AC, PES, and PC of 127 um thickness showing the differed elastic moduli.
(
(
H
(

1) Comparison of relaxation angle between materials; all cantilevers have a 127 um thickness.
(J) Comparison of relaxation angle between different thicknesses of PEEK cantilevers between 76 and 508 um. Data are represented as the mean + SD.

configuration resulted in the highest achievable power dissipa-
tion to achieve rapid melting of the polymer adhesive. Neverthe-
less, reduction of heater size and tuning of current supply could
enable higher areal density of thermal dissipation, leading to
faster melting, lower power consumption, and greater potential
for future device miniaturization. To this end, further evaluation
of case examples of heater geometry and power constraints
was performed to optimize melt time, efficiency, and reliability.

Heaters were designed in six different variants, all having the
same proportionate geometry, with different sizes shown in Fig-
ure 4D (outer diameter [OD] of 0.5, 1, 1.5, 2, 2.5, and 3 mm). An
example of the heater with 2.5 mm OD is shown in Figure 4A
before and after melting of the EVA adhesive and in Figure 4B af-
ter integration with the cantilever module of the capsule by elec-
trical connection using conductive Ag epoxy. Due to the identical
heater geometry across sizes, and thus ratio of trace length (L) to
trace width (W), the resistance was expected to be the same for
each variant with the same Au deposition thickness. Evaluation
of the heater was performed via modeling and benchtop testing.
Figure 4C shows a plot of the theoretical areal power density in
mW/mm?2. At comparable resistance, smaller heaters dissipate
the same amount of energy over a smaller area, leading to higher
areal power density and higher heater surface equilibrium tem-

peratures. In addition, the deposition thickness linearly impacts
the cross-sectional area of the heater and thus inversely impacts
the resistance. Thicker traces with lower resistance result in
higher current flow and power. While higher areal power density
does not linearly correlate to efficiency, smaller heaters reduce
wasted thermal energy when used with smaller adhesive quanti-
ties and are expected to minimize melt time, further reducing
wasted thermal energy. The areal power density also has impli-
cations on reliability, where higher temperatures seen in smaller
heaters resulted in frequent electrothermal trace failures. The
highest areal power density achievable with the evaluated sizes
and power constraints is ~900 mW/mm? with a 0.5 mm heater
and 150 nm trace thickness. Heaters of this configuration failed
in most instances, and heaters with less than ~200 mW/mm?
proved to be most reliable.

To identify general trends in the reliability and deployment
time, the heaters were evaluated on the benchtop. Figure 4E
shows the characterization of heater resistance for all sizes of
a 70 nm Au trace thickness heater to illustrate trends seen across
all groups. Overall, the smaller heaters were less reliable and less
predictable. As can be seen in Figure 4E, the 0.5 mm heater had
a mean resistance of 180.8 + 151.9 Q (n = 4), while the 3 mm
heater had a mean resistance of 112.0 + 1.6 Q (n = 4). Moreover,
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Figure 4. Optimization of the resistive heating element
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(A) Transition of EVA from solid semi-crystalline translucent state to transparent melt state when heated by the heater.

(B) Heater packaged in the actuator module.

(C) A 3D map showing the areal power density of heaters as a function of heater diameter and deposition thickness.

(D) The six heater photomask designs and fabricated coils.

(E) Evaluation of heater resistance for 70 nm Au trace thickness heaters of all sizes (n = 4).
(F) Comparison of melt times for 2.5 mm heaters with deposition thicknesses of 80, 100, and 140 nm (n = 3 for all). Data are represented as the mean + SD.

the larger heaters performed closer to the expected theoretical
performance, with the 3 mm heater deviating only 4.6% from
the theoretical value of 107.1 Q predicted in Figure 4C. Thus,
while the smaller heaters achieve a desirably high areal power
dissipation density, the lower limit of heater size should be
~1 mm OD to minimize failure and unpredictability. To assess
the impact of heater resistance on melt times, various thick-
nesses of 2.5 mm heaters were evaluated under controlled cur-
rent using a commercial power supply regulated to 3.3 V (n = 3).
As can be seen in Figure 4F, higher current draw generally re-
sulted in faster melting; however, heaters of higher resistance
performed better at a given current limitation. These results are
unsurprising, but they validate that heaters of higher resistance
enable balancing of energy consumption and deployment time.
These results indicate that the ideal heater configuration to
achieve deployment in less than 1 s with minimized power con-
sumption is a size between 1 and 2.5 mm and a trace thickness
of <80 nm. Deployment in 3 s supports precise sub-millimeter
delivery location targeting in the intestinal tract considering a
mean intestinal translation speed of 1.4 cm/min.%®

Benchtop and ex vivo validation of drug delivery

To assess the performance of the localized drug-delivery
capsule in a realistic environment, the actuator was deployed
while submerged in 1x phosphate-buffered saline (PBS) solu-
tion and in a porcine ex vivo intestinal environment. Figure 5A
shows the capsule undergoing testing while submerged to verify
its resilience to operation in an aqueous environment like the gut.

6 Device 2, 100438, October 18, 2024

The capsule was placed in a beaker and submerged, then a
handheld NdFeB magnet was used to trigger the actuation
of the cantilever. No solution was observed to permeate the
capsule shell over the course of 1 h, and the cantilever actuator
deployed in <3 s after introduction of the magnet within 10 cm of
the capsule. Full submersion is intended to simulate an extreme
case of full submersion in the intestine, as the capsule will likely
encounter a combination of liquid and gaseous media in
transit through the esophagus, stomach, and small intestine.
While this demonstration confirmed that actuator deployment
is possible while fully submerged, protection of the drug-loaded
microneedle array was not demonstrated. Previously, our
research group has demonstrated a freestanding bilayer for pro-
tection of active components of an ingestible device.’” In the
future, we will use this bilayer to protect the microneedles from
premature drug release.

Deployment of the capsule in ex vivo intestinal tissue is in-
tended to simulate close-to-realistic conditions expected at
the interface between the cantilever, the microneedles, and the
gut environment. In general, the small intestine contracts to
surround contained materials and promote motility; thus, the
capsule is expected to be oriented axially and in proximity of
the intestinal wall at most points in time. Moreover, as designed,
the cantilevers can protrude 4 mm from the capsule surface,
adding to the 13 mm diameter of the capsule. This extension
to 17 mm from the opposite side of the capsule nearly fills the
~25 mm diameter of the small intestine.”® In some cases,
the capsule could be oriented toward the lumen, prohibiting
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the microneedles from contacting intestinal tissue with sufficient
force, as the cantilever applies less force at greater extension.
The authors will assess the occurrence of this possibility in future
in vivo evaluations and modify the cantilever geometry to provide
sufficient reach and force independent of capsule orientation.
The microneedle penetration into intestinal tissue was character-
ized using a high-speed camera to better understand the interac-
tion of the actuated cantilever and microneedles with intestinal
tissue during deployment (Figure 5B). Further visualization of
needle insertion into an agarose tissue phantom can be seen in
Figures S6 and S7. Figures 5Bi-5Biii show frames from the
1,000 fps video of deployment of the actuator and microneedles
into ex vivo porcine small intestinal tissue after the EVA adhesive
begins to melt. In Figure 5Bi (t = 0 ms), the cantilever with
attached microneedles is in the flexed state attached to the heat-
er. After 4 ms (Figure 5Bii), the cantilever has almost fully de-
ployed, showing stringing of the EVA adhesive that previously
held the cantilever in flexure. After a total of 16 ms, the cantilever
is fully deployed, and the drug-loaded microneedles (Figure 5Biii)
have penetrated the surface of the tissue. Thus, considering in-
dividual characterization, the total deployment time was esti-
mated as a combination of the 500-1,000 ms heater melt time
and the 16 ms cantilever motion. However, in experimentation
with magnetic control, the capsule exhibited deployment in
2.91 +£0.48 s (n =7) (Figure 5E). This deviation from the expected
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Figure 5. Deployment of the integrated sys-
tem in an ex vivo Gl simulator

(A) Deployment of the cantilever actuator while
submerged in solution. The capsule is placed in a
beaker and then filled with solution and deploys
after the magnet nears the capsule.

(B) (i-iii) Deployment of the drug-delivery canti-
lever in ex vivo intestinal tissue filmed by a high-
speed camera through the 16 ms of deployment
activity.

(C) Evaluation of deployment in a simulated ex vivo
environment with controlled translation speed and
interfacial forces. A magnetic field was introduced
with a handheld magnet and then deployment was
observed.

(D) (i) The microneedle array 5 min after deploy-
ment into the intestinal tissue, showing an ~5 mm
diffusion diameter. (i) The microneedle array 2 h
after deployment with an ~10 mm dye diffusion
diameter.

(E) Box-and-whisker plot describing cantilever
deployment time (n = 7). Data are represented as
the mean + SD.

deployment time is believed to be due to
a combination of switch and system inef-
ficiencies, such as internal resistance and
thermal dissipation to the surrounding
aqueous medium. Nevertheless, an 85%
reduction in deployment time was ex-
hibited compared to the prior actuation
prototype demonstrated in literature,*®
enabling significantly greater location tar-
geting and longevity.

Following the close-up analysis of deployment in a static
ex vivo environment, the localized drug-delivery capsule was
evaluated on a custom Gl simulator described in Straker
et al.>* The simulator is composed of a compliant polydimethyl-
siloxane (PDMS) tissue bed molded to a curvature of r=12.5 mm
and a screw-rod translation system for capsule mounting. Tissue
is adhered to the surface of the PDMS bed during testing, thus
adopting the approximate curvature of the small intestine. The
speed of transit was controlled to 1.4 cm/min, the mean transla-
tion speed in the small intestine.>® The capsule mount has verti-
cal freedom, allowing mass loading to control the force on the
capsule and approximate peristaltic and segmentation contrac-
tions of the gut. During translation, a magnet was used to trigger
deployment of the cantilever, leaving the dye-loaded micronee-
dle array behind (Figure 5C). Following detachment of the micro-
needles via rapidly dissolving PEG polymer, the release of dye
was monitored over the course of 2 h. Figure 5D shows the mi-
croneedle array 5 min after deployment, and after 2 h the dye
spread was observed at a diameter of ~10 mm from the 2 x
2 mm needle array (Figure 5Dii). While drug release occurs
over the course of approximately 8 days from the polyvinyl
alcohol (PVA) needle array, material variation allows tailoring of
the drug release rate and array longevity in the future. The model
drug was observed to marginally spread from the delivery loca-
tion through liquid channels on the surface of the tissue. Given
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the orientation of the experiment, gravity did not play a large role
in transport, but future in vivo studies will assess the impact of
orientation on delivery efficacy. Overall, this level of confinement
enables significantly higher drug concentrations with minimized
dosing. For example, with 1% of the drug loading of a small-in-
testine-targeted oral tablet, this delivery system can achieve
~380x% areal drug concentration at sites of need compared to
broad distribution across the surface area of the intestinal
tract.® The mass of the microneedle arrays is 0.88 + 0.22 mg
(n = 4) as determined by analytical balance. Most drugs for treat-
ment of IBD, like the corticosteroid budesonide (1.28 g/cm®),
have a similar or higher density compared to the PVA needles
(1.19 g/cm®); thus, a needle array loaded with a 50% w/w drug
and binder mixture is expected to provide approximately
500 pg of drug in a single dose.*®°” For comparison, a common
dose of the oral corticosteroid budesonide for IBD treatment is
9 mg, which spreads throughout a large portion of the intestinal
tract. Thus, given the localization of delivery, the microneedle
array far exceeds the drug concentrations achievable from stan-
dard drug tablets.

At present, the most localized form of oral dosing in medical
practice is enteric-coated pills that dissolve in pH > 6 following
passage through the stomach. These coatings dissolve in a
time frame of 15-45 min following the swift pH change in the
small intestine; however, they provide no control over delivery
location beyond this.*® A lesion would need to be conveniently
located in the duodenum or early jejunum to be effectively
treated. Even still, the level of localization of locally delivered mi-
croneedle arrays far exceeds that of a transiting pill. While un-
controllable factors like diffusion and turbulence in the gut will
attenuate the level of localization demonstrated here, this illus-
trates the potency of such an approach to improve local treat-
ment while significantly mitigating systemic drug exposure and
side effects.

The technology demonstrated here has the potential to signif-
icantly improve care for patients suffering from Gl and systemic
disease. This fully operational capsule system for targeted drug
delivery into intestinal tissue using harmless microneedles is the
first example of its kind that does not require complex external
EMA systems—facilitating better reliability and implementation
in clinical practice. The device demonstrated here is currently
13 mm in diameter, and all components have the potential for
miniaturization using smaller cantilevers and smaller batteries
of a higher voltage arrangement enabling even faster deploy-
ment. All critical components, including the cantilever, micro-
needles, heater, and packaging, are readily scalable, meaning
multiplexing of actuators could allow numerous treatment events
in one pass using simple electronic switching schemes. We envi-
sion that the current device could be used in cooperation with
exogenous screening devices like the PillCam to locate disease
sites for treatment and ultrasound or fluoroscopy tools to locate
the drug-delivery capsule. These exogenous tools will inform the
placement of the magnetic field source, and triggering will be
achieved with magnetic fields created by handheld magnets,
electromagnets, and other tools like directed magnetic fields.
However, the future of ingestible devices is inevitably character-
ized by autonomous identification and on-site action, where on-
board sensing, imaging, and electronics technology enables
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closed-loop control of systems like this drug-delivery cantilever
actuator. Thus, operation from a single 3 V battery here is not
only simple, but also allows for potential integration with other
electronic capsular systems, such as sensors and communica-
tion modules that are often regulated to 3.3 V. All materials
used externally on the device are ISO 10993-5 biocompatible,
including the packaging, Kapton, Au, EVA, PEEK, and PVA.
Moreover, the forces generated by the magnetic field on the
capsule are innocuous (<10 mN), and the cantilever deployment
force is tailored to minimize tissue damage.

Overall, the technology here has potential to operate as a
standalone device and could also be easily modified to be
used for multilocation treatment in combination with other mi-
crosystem technologies to facilitate more effective treatment
of localized and systemic disease. Future development of
the device will involve in vivo testing and scaling of fabrica-
tion processes. The fabrication approaches used here
combine low-cost commercially available supplies with scal-
able custom manufacturing technologies. The PEEK cantilever
material, battery, reed switch, and wiring are commercially
available at large scale. The heater and microneedles are
also fabricated with proven scalable microfabrication and mi-
cromolding processes, respectively. While capsule shells are
fabricated by 3D printing, the use of injection molding would
provide an alternative approach that is compatible with
mass manufacturing at low cost. Investigation of compact
and user-friendly magnetic triggering tools will also be key
to the success of this technology. While triggering of the actu-
ator was demonstrated using a disk magnet in this work, the
use of a handheld electromagnet may enable superior control
and verification of delivery.

An in-depth analysis of the triggering effectiveness of various
magnet types will be performed in vivo in the future to optimize
magnetic control. Remaining biosafety challenges prior to clin-
ical application include assessing package biocompatibility
and long-term fluid resistance. Future testing will include
in vitro biocompatibility testing and prolonged submersion in
simulated intestinal fluids to ensure that the capsule is safe for
in vivo studies. Future in vivo evaluation will seek to understand
the efficacy of localized drug delivery in comparison with stan-
dard coated drug tablets. Porcine models will be used in fed
and fasted states to assess the significance of food and liquid
on delivery performance. The performance of microneedles
with different interspacing and length will be evaluated in vivo
in different Gl locations to understand their impact on delivery ef-
ficiency. While not experienced in ex vivo experimentation, the
entrance of tissue, solids, or liquids into the actuator cavity is a
potential challenge in vivo. Modification of the actuator recess
distance and employment of the freestanding region-responsive
bilayer presented in prior work is expected to preclude this
possible failure point.>* This freestanding structure is capable
of both chemical and mechanical protection of the underlying
components. However, after passive dissolution of the free-
standing structure, there is a possibility of premature dissolution
of the drug-loaded microneedles and unintended contact with
the intestinal tissue. Further evaluation of this concern will be
conducted in future in vivo testing of the device. Determining
the optimal site of drug administration is another key challenge
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that will be evaluated during future in vivo development of the de-
vice. One possible method for locating diseased sites is the use
of video capsule endoscopy. This is a demonstrated approach to
identify disease in the Gl tract. Moreover, future ingestible
sensing devices could be used with the localized drug-delivery
capsule to locate sites of disease.'®?"?> Another possibility is
the use of confined magnetic fields to promote triggering in a
known location. This method could be achieved by confining
the field of the required triggering strength to a region of known
disease. The in vivo investigations of efficacy will serve to
confirm the evidence of enhanced efficacy of localized drug de-
livery, providing a path forward for clinical adoption of this tech-
nology. This work establishes a first of its kind example of a
capsular technology for highly localized drug delivery in the GlI
tract, wherein realization of more compact packaging with scal-
able fabrication approaches will pave the way for repeated in vivo
evaluation of localized Gl drug delivery toward implementation in
human medicine.

Conclusion

In this work, we demonstrate the first example of a remotely trig-
gerable local drug injection system for the Gl tract, establishing
the potential for localized drug delivery for treatment of intestinal
disease and targeted systemic dosing to advantageous sites.
The magnetically triggered ingestible capsule device showed
the capacity to be triggered in 2.91 + 0.48 s and apply a force
of 180.8 + 17.0 mN with a 254-um-thick PEEK cantilever to mini-
mize tissue damage while sufficiently inserting microneedle drug
patches. The PEEK material demonstrated excellent deploy-
ment longevity, relaxing only 21° after 72 h of bending and 11°
further after 60 days beyond this point, indicating excellent shelf
life and robustness for this technology. The 6-10 AT reed switch
showed the ability to switch at sub-millitesla field strength, which
can be readily achieved by handheld magnetic devices and is
approximately 1/1,000 that used in clinical imaging applications.
The optimized heater characteristics enable more rapid and effi-
cient deployment for multiplexed actuation using simple elec-
tronic switching in the future and potentiate miniaturization and
integration with other power-consuming sub-systems like sen-
sors. These advances over prior systems enable direct control
via magnets, better localization due to the fast response time,
adaptability, and enhanced efficiency through localized micro-
needle drug release. Overall, this low-cost scalable technology
brings a new opportunity for targeted treatment to specific
organ systems and pathological sites in the Gl tract, enabling
more effective treatment with lessened adverse side effects for
patients.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Reza Ghodssi (ghodssi@umd.edu).
Materials availability

This study did not generate any new unique reagents.

Data and code availability

All data and code generated from this study are available upon reasonable
request to the lead contact, Reza Ghodssi (ghodssi@umd.edu).
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Resistive heater fabrication and evaluation

Resistive heating elements are used to melt the EVA polymer adhesive holding
the cantilever in place. The heater demonstrated here has the same geometry
as that presented in Levy et al.,*® with varied scale and deposition thickness to
achieve different thermal dissipation density and resistance, respectively.
Heaters were fabricated by lithography using Shipley S1813 and electron
beam evaporation deposition of 20 nm Cr (Angstrom, Kitchener, ON, Canada)
followed by Au of varied thickness between 30 and 150 nm. Lift-off of the resist
was performed by 30 min of sonication in acetone. The OD of the coil was var-
ied between 500 um and 3 mm to optimize heating of the EVA adhesive and
reliability. MathWorks MATLAB (Natick, MA, USA) was used to evaluate the
dissipation power for heaters of different sizes and thicknesses regulated to
3 V. Trace resistance was determined using trace geometry, the resistivity of
AU (pau = 2.44 x 1078 Q@ m), and a previously determined correction factor
for a Au heating element.*>*° Power dissipation was calculated via Ohm’s
law as described in Table S1. Resistance of fabricated heaters was measured
(n = 4) and compared to understand differences in fabrication repeatability be-
tween sizes. Melt time of the 2.5 mm heater (n = 3) was assessed with varied
resistances and current constraints as represented in Figure 4F.

Package fabrication and assembly

The capsule system is composed of an Energizer 2L76 battery (St. Louis, MO,
USA) in series with a magnetic reed switch and the thin-film resistive heating
element, packaged in a 3D-printed housing with attached drug-delivery canti-
levers. The module housing the heater and cantilevers was fabricated using a
Phrozen Sonic Mini 8K (Hsinchu City, Taiwan) LCD VPP 3D printer with
FormLabs Surgical Guide v.2 Resin (Somerville, MA, USA). The module has
a 13 mm OD and contains four opposingly oriented recesses to hold the can-
tilevers below the surface of the capsule before deployment. The recesses
have a maximum depth of 3 mm and a width of 3.5 mm, with an overhang
on the fixed end of the cantilever to affix the cantilever when tensioned. The
module also has & = 1.5 mm channels leading from heater to the battery cav-
ity, which are filled with MG Chemicals 8330S conductive epoxy (Burlington,
ON, Canada) to form the electrical interconnects between the heater and the
battery. Before curing of the Ag-filled epoxy, heaters were placed in the mod-
ule and 36 AWG insulated wires were inserted into the battery end of the chan-
nels. The Littlefuse 6-10 AT normally open reed switch (Chicago, IL, USA) and
battery were fused by spot welding using a Ni tab and then soldered to the
heater wires. The capsule shell and end cap were fabricated via LCD VPP
with a 700 um wall thickness. The battery and wires were placed in the shell,
and the shell and end cap were affixed to the cantilever module with Henkel
Loctite UK M-11FL medical device urethane adhesive (ISO 10993-5 Biocom-
patibility; Dusseldorf, Germany).

Microneedle molding

Microneedles were molded in an 11 X 11 microneedle mold produced by
Blueacre Technology (Dundalk, County Louth, Ireland) as described previously
by Levy et al.** The mold contains 121 microneedles spaced by 600 um on
center, with a 300 um base diameter and a 600 um height. A 20% w/v solution
of PVA (M,, 31-50 kDa) from Sigma Aldrich (St. Louis, MO, USA) containing
FD&C blue no. 1 dye was poured over the mold and then exposed to near vac-
uum (~0.03 atm) to evacuate air from the needle mold. The array was then
brought to atmospheric pressure and allowed to dry for 24 h to remove the wa-
ter and cast the PVA into the mold. The molded 11 x 11 array is shown in Fig-
ure S8. Microneedle arrays were removed from the mold and segmented into
separate 3 x 3 arrays for demonstration.

Cantilever actuator assembly

Cantilevers were made from commercially available polymeric films pur-
chased from McMaster-Carr Supply (Eimhurst, IL, USA). PEEK, AC, PES,
PC, and UHMWPE were chosen for their biocompatibility and evaluated for
mechanical characteristics. The cantilevers were 3 x 8.5 mm and had 1 mm
filleted corners to reduce the chance of bowel damage after deployment.
The shape of the cantilever was laser engraved on the film surface using the
Glowforge Pro laser cutter (Seattle, WA, USA) and then cut to size. As depicted
in Figure S2, the cantilevers were then tucked into the slot on the fixed end of
the recess in the cantilever module. Five hundred micrograms of EVA adhesive
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(The Gorilla Glue Company, Sharonville, OH, USA) was melted on the heater by
flowing current, then the cantilever was flexed and attached to the heater while
the EVA was in a melt state. Following solidification, the cantilever remained
affixed to the heater until deployment via remelting. After the cantilever was af-
fixed, a 3 x 3 microneedle array was attached to the cantilever using ~1.5 ug
of the water-soluble polymer polyethylene glycol (PEG; Sigma Aldrich, St.
Louis, MO, USA) in melt form.

Reed switch evaluation

Reed switches of different switching field strength were purchased from
DigiKey (Thief River Falls, MN, USA) and tested to determine the depen-
dence of required field strength for switching and closed resistance on
the designed switching strength. Littlefuse (Chicago, IL, USA) switches de-
signed to close at 6-10, 10-15, and 15-20 AT were evaluated using a per-
manent NdFeB magnet at variable distance and magnetometer readout.
The magnets used in the experimental procedures were N52 grade NdFeB
through-diameter magnetized permanent magnets. In experimentation, two
stacked magnets were used, each having a 3" diameter and 1/8” thick-
ness, making a total thickness of 1/4”. Each magnet had a flux density of
14,800 G, and the total weight was 220 g as determined by the product
data sheet. Reed switches (n = 3) were placed adjacent to the magnetom-
eter and connected to a multimeter. The magnet was moved closer to the
switch until electrical continuity was registered, and the field strength value
was recorded. Once open, the switch resistance was measured (n = 3) to
evaluate the impact of switch resistance on current flow in the packaged
capsule.

Mechanical and relaxation characterization

To determine the deployment force, dynamics, and proneness to stress relax-
ation predicting long-term reliability, the cantilevers were evaluated using an
Instron 5942 ultimate testing machine (UTM; Norwood, MA, USA) witha 5 N
load cell and a custom 3D-printed mandrel with a 5 mm radius of curvature.
Based on bulk mechanical properties, the following materials and thicknesses
were evaluated (n = 3 for all): PEEK (76, 127, 254, 381, and 508 um), UHMWPE
(254 and 508 pm), HDPE (406 and 584 um), PP (406 and 508 um), AC (127 pm),
PES (127 um), and PC (127 um). Cantilevers were deployed into the UTM load
cell held 1 mm from the surface of the capsule. The force was measured and
plotted for a variety of material combinations to reveal the profile and magni-
tude of the deployment force.

Using a custom bending apparatus, the long-term reliability of the most
promising cantilever materials and thicknesses was evaluated. The test canti-
levers were held at 130° bend angle for 72 h and then removed from the
mandrel fixture and imaged to assess the residual bending of each material
and thickness variant to indicate the level of stress relaxation and its hindrance
to long-term reliability.

Ex vivo microneedle deployment

The capsule was first deployed while submerged in 1x PBS solution to
evaluate water tightness and the ability to deploy while submerged. The
actuator was then deployed on a static porcine ex vivo small intestinal tis-
sue to evaluate deployment timing and microneedle penetration in tissue.
Porcine tissue was acquired, from Animal Biotech Industries (Doylestown,
PA, USA), frozen from postmortem animals. The deployment and insertion
of microneedles into tissue were evaluated using a Chronos 2.1HD high-
speed camera (Kron Technologies, Burnaby, BC, Canada). Following static
deployment, the capsule was deployed on an ex vivo tissue simulator to
validate the performance in a simulated environment. The tissue experi-
ment utilized a Gl simulator previously developed by Straker et al.>* to sup-
port the intestinal tissue, provide relevant forces, and provide movement to
simulate peristaltic and segmentation contractions in the intestinal tract.
Translation of 1.4 cm/min was used to simulate the average transit speed
in the small intestine, and a force of 500 mN exerted by 51 g of mass
approximated the force expected in the small intestine.®® During translation
of the assembled capsule, the permanent NdFeB magnet was moved close
to the actuator capsule and deployment was monitored following a 10 s
hold in proximity of the capsule. Microneedle drug release in the tissue
was tracked over a 2 h period.
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