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Thermomechanical Soft Actuator for Targeted Delivery
of Anchoring Drug Deposits to the Gl Tract

Joshua A. Levy, Michael A. Straker, Justin M. Stine, Luke A. Beardslee, Vivian Borbash,

and Reza Ghodssi*

Current systemic therapies for inflammatory gastrointestinal (Gl) disor-

ders are unable to locally target lesions and have substantial systemic side
effects. Here, a compact mesoscale spring actuator capable of delivering an
anchoring drug deposit to point locations in the Gl tract is demonstrated. The
mechanism demonstrated here is intended to complement existing ingestible
capsule-based sensing and communication technologies, enabling treatment
based on criteria such as detected Gl biomarkers or external commands. The
3D-printed actuator has shown on command deployment in 14.1+3.0s,and a
spring constant of 25.4 £ 1.4 mN mm™, sufficient to insert a spiny microneedle
anchoring drug deposit (SMAD) into Gl tissue. The complementary SMAD
showed a 22-fold increase in anchoring force over traditional molded micronee-
dles, enabling reliable removal from the actuator and robust prolonged tissue
attachment. The SMAD also showed comparable drug release characteristics
(R? = 0.9773) to penetrating molded microneedles in agarose phantom tissue
with a drug spread radius of 25 mm in 168 h. The demonstrated system has
the potential to enable on command delivery and anchoring of drug-loaded
deposits to the Gl mucosa for sustained treatment of Gl inflammation while
mitigating side effects and enabling new options for treatment.

1. Introduction

Inflammatory bowel disease (IBD), that is, Crohn’s disease
and ulcerative colitis (UC) is a class of inflammatory gastro-
intestinal (GI) disorder that impacts 3.1 million adults in the
United States and involves chronic inflammation and eventual
damage of the gastrointestinal tract.'l Conventional treatment

for inflammatory bowel disease (IBD) is
primarily achieved through oral or intra-
venous delivery of therapeutic agents.*!
A wide variety of drugs can be employed,
including aminosalicylic acids, corticoster-
oids, immunosuppressants, and various
biological ~macromolecules.®l  These
medications have a myriad of adverse side
effects, limiting the course of treatment for
patients.> " For example, corticosteroid
treatment duration is limited to approxi-
mately 3 months to mitigate the potential
for conditions like osteoporosis,13 and
immunosuppressants increase suscepti-
bility to opportunistic infections. The
presence of substantial side effects can
be partly attributed to the large systemic
doses needed to achieve effective thera-
peutic concentrations within the GI tract.
Localizing treatment to inflammatory
lesions using topically active agents, like
corticosteroids, is one method to reduce
the necessary drug dose and combat
the adverse systemic side effects associ-
ated with intravenous and oral non-site-specific therapeutic
delivery.'>1>-"] Highly localized topical treatment may also offer
a path to mitigate drug costs by reduced dosing, making room
for costs associated with innovative delivery modalities.
Commercial technologies exist that can improve the localiza-
tion of drug release within the GI tract. One such technology
is pH-sensitive enteric coatings, like Evonik Eudragit L100,
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that swell and release drugs in pH-specific regions in the GI
tract (stomach [pH 1.5-3], small intestine [pH 6-74], caecum
[pH 5.7), etc.).'®1% Such coatings help to localize delivery; either
focusing the release of systemic drugs to the most absorbent
regions of the GI tract or releasing locally active drugs in the
most afflicted GI regions enabling site-specific treatment.
Another technology that can be applied in conjunction with
pH-sensitive polymers is mucoadhesive coatings.>?"] These
coatings bind to the intestinal mucus layer via valence forces
or interlocking action slowing tablet transit; thus, localizing the
release and delivery of the contained therapeutics.?!! Both tech-
nologies help to localize to regions in the GI tract, but do not
allow the targeting of highly specific locations of disease afflic-
tion. Furthermore, the physiological attributes that determine
localization (pH and mucus) can vary from patient to patient.

With the advancement of microsystem fabrication technology
enabling the miniaturization of remote electronics, sensors and
actuators, the treatment of diseases within isolated locations in
the human body has become more attainable. Recently, a focus
of many researchers on ingestible capsule devices has enabled
drug delivery to several regions within the GI tract to treat
systemic diseases.??l For example, the spring-loaded SOMA
capsule can deliver millimeter-scale dissolving needles to the
stomach triggered by hydration-dependent polymers,?*l and
the Rani Pill can do the same using pH-responsive polymers. 24
The LUMI capsule also uses a pH-responsive unfolding
mechanism to inject microneedle patches into small intestine
tissue.?! While these passive mechanisms support locational
delivery, they do not permit fully closed-loop deployment in
response to sensors or explicit commands, and hence only offer
regional control over delivery.

Sensing technologies such as optical sensing?®l gas
sensing,”-%l pH sensing,*] temperature sensing,?! and elec-
trochemical impedance spectroscopy (EIS)i*2 have been readily
integrated into ingestible capsules in recent years. These
sensing modalities can give insights into the current state of
inflammation in the GI tract and be used to inform active tar-
geted drug delivery to afflicted tissue locations. However, due
to the motion in the GI tract, rapid on command actuation is a
key requirement to feedback-driven localized therapeutic treat-
ment. Previously, MEMS-based actuators have been developed
to achieve on command payload release in ingestible fluid drug
delivery and endoscopic location tagging capsules.l**l Various
investigators have employed heating elements**3*! and com-
bustion-based microthrusters*®¥ to achieve a rapid release of
fluid drugs from a reservoir. Goffredo et al. even integrated a
ring electrode electrochemical impedance spectroscopy (EIS)
sensor with a fluid drug release reservoir.l¥ Yet, localiza-
tion using this fluid payload release method is limited due to
fluid dispersion after release from the capsule reservoir, which
varies by case and allows little opportunity for control over the
release profile. An alternative method capable of further local-
izing delivery of therapeutics in the GI tract is active delivery of
drug-loaded dissolving microneedles to the GI tissue. Lee et al.
demonstrated this type of site-specific microneedle delivery
using a magnetic locomotion and actuation system.*’l Though
they were able to achieve highly localized delivery ex vivo, uti-
lizing such a system in vivo requires external electromagnetic
devices that may be clinically impractical. Furthermore, Lee
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and co-authors observed challenges with tissue adherence of
the therapeutic-loaded molded microneedles. A variety of pas-
sive and active microsystems have been used previously to
enable tissue attachment by latching on to tissue with different
forms of thermo and hydration responsive microgrippers,“!
theragrippers,[** microinjectors,*}! and anchoring micronee-
dles*8 on benchtop and in vivo. The tissue attachment
achieved using these technologies enables long-term residency
for extended-release therapeutic delivery, however locational
control is still limited. Various forms of thermoresponsive soft
meso-scale actuators are also prevalent in literature,*=! how-
ever the application of these systems for ingestible capsule-
based localized drug delivery has yet to be demonstrated. Fur-
thermore, a true combination of thermally triggered and highly
localized actuation with active or passive anchoring techniques
remains elusive and is a powerful coupling for achieving super-
lative control over drug localization and release.

In this paper, we look to address the challenges of site-
specific and on command drug delivery in the GI tract
(Figure 1a) using a thermomechanical spring actuator paired
with a biomimetic drug anchoring structure, termed the spiny
microneedle anchoring drug deposit (SMAD). The compact
system shown in Figure 1 and Figure S1, Supporting Infor-
mation, is compatible with sensing and communication
ingestible capsule technology for closed-loop detection and
therapeutic delivery to lesions in the GI tract. Release of a dis-
solving drug-loaded deposit anchored in the GI tissue allows
prolonged delivery of therapeutics in the target region. A novel
3D-printable spring was designed to imitate a wave spring,
which is used in applications requiring large travel distance
with less consumed space—a necessity for ingestible capsule
devices. In addition, this type of spring provides greater lat-
eral stability when compared to a standard conical coil spring.
The spring is fixed in compression using polycaprolactone
(T, = 60 °C), and releases by melting the polycaprolactone
using a resistive heating element fabricated on a Kapton sub-
strate. The drug-loaded SMAD in Figure 1b attaches to the top
of the spring actuator with a water-soluble polymer to enforce
reliable release after actuation. The SMAD exploits recently
developed biomimetic barbed microneedle technology that
has been demonstrated by our group!**¥ and others*! for
improved tissue anchoring. The hybrid system developed here
can be combined with sensors to enable on command delivery
of a drug-loaded anchoring deposit for early, focused, and
prolonged treatment of GI lesions and has the potential to be
applied for various other localized treatment applications in
the gastrointestinal tract.

2. Experimental Section

2.1. Design and Fabrication of Multi-Coil Spring

Springs were designed using Autodesk Fusion 360 (Autodesk,
San Rafael, CA, USA) with a base diameter of 3 mm on center,
an outer tip diameter of 2.1 mm, and a height of 8 mm. The
conical design had four overlapping coils (two clockwise and
two counterclockwise) with a pitch of 2.66 mm, a width of
400 um, and a thickness of 150 um. COMSOL Multiphysics
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Figure 1. Actuation and SMAD delivery principle. a) Capsule transits through a Gl tract with inflammatory lesions and delivers the SMAD to an inflam-
matory site for prolonged release of a topical therapeutic agent (blue). b) Actuator deployment utilizes a resistive heating element to fire a spring
actuator and impart the drug-loaded SMAD into the Gl tissue. c) CAD rendering of the SMAD on the actuator. d) Spiny microneedles demonstrated pre-
viously*#8l are designed to mimic a spiny-headed worm proboscis for enhanced anchoring in tissue: Reproduced under terms of the CC-BY license.?
e) Upon sensed or external command for SMAD delivery, current passes through the heating element, melting the polycaprolactone binder, and firing
the spring. The SMAD is then imparted into the tissue and removes as the capsule translates through the intestinal tract.

5.4 (Stockholm, Sweden) was used to compare the overlap-
ping conical springs to a traditional conical coil spring. The
single-coil spring was designed with the same 400 um width
as the superimposed spring, however with a 600 um thickness,
4x that of the superimposed spring, yielding a comparable stiff-
ness. A 50 mN axial force was applied to each spring, and lat-
eral deflection was measured to assess the stability under axial
compression/decompression. A 4 mm post (& = 1 mm) extends
down from the underside of the spring tip to affix compression
of the spring with a low melting point PCL polymer (Figure 2a).

Springs were fabricated using a Miicraft M50 Digital Light
Processing (DLP) 3D printer (CADWorks3D, Concord, ON,
Canada) with a 50 pm resolution. Monocure 3D Tuff and Flex
100 resins (Monocure 3D, Regents Park, NSW, Australia) were
mixed in 40:60 volume ratio to achieve a balance of flexibility
and spring stiffness. An exposure time of 15 s per layer
was used with a base curing time of 5 s. After printing, the
springs were cleaned in isopropyl alcohol for 1 min followed
by rinsing with DI water. The springs were then submerged
in a DI water bath and UV-cured (405 nm) in a CADWorks3D
CureZone (Toronto, ON, Canada) for 10 min at an intensity of
40 mW cm 2 To prevent drying and maintain the elasticity of
the polymer, springs were stored in a high humidity chamber
until deployment.

2.2. Design and Microfabrication of Resistive Heaters

A resistive heater was designed using Autodesk AutoCAD
(San Rafael, CA, USA) for an intended resistance of 50 Q
with a 100 nm thickness of deposited thin-film Au on a 1 mil
Kapton polyimide film (McMaster-Carr, Elmhurst, IL, USA).
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The circular heater coil pattern had an outer diameter of
2.18 mm with trace width of 100 um and a trace length of
20.6 mm, yielding the theoretical 50 Q resistance with a Au
resistivity of 2.44 x 10" Q-m.>] The Kapton film, used for its
low thermal and electrical conductivities, was mounted to a car-
rier wafer with 3M double sided tape (St. Paul, MN, USA), then
cleaned using acetone, methanol, isopropanol and DI water
(18 MQ). Cr/Au (20 nm/155 nm) was deposited on the surface at
=2 A s71 using an Angstrom NexDep Electron Beam Evaporator
(Kitchener, ON, Canada) and revealed using a liftoff process.

2.3. Molding of PVA Drug Disk and Microneedle Array

Drug disks were cast from a 20% w/v aqueous solution of poly-
vinyl alcohol (PVA) (M, 31-50 kDa, Sigma Aldrich, St. Louis,
MO, USA) containing FD&C blue #1 dye. Molding of the
drug disks was done by solvent casting of the dye-PVA onto a
polystyrene (PS) tray. The casting solution was poured into the
container to a depth of 2.5 mm, such that the final film thick-
ness would be 500 um after the =1:5 volume reduction. The
solvent was then allowed to evaporate for 24 h in the ambient
environment yielding a 500 um PVA film. The film was peeled
from the PS casting tray, and a & = 2 mm punch was used to
punch the drug disks from the film.

To form 3 x 3 molded microneedle (MMN) arrays for com-
parison with the SMAD (Figure S5, Supporting Information),
an 11 x 11 microneedle array mold was acquired from Blueacre
Technology Ltd. (Dundalk, Co Louth, Ireland). Microneedles
molded from the 11 x 11 mold had a height of 600 um, a base
diameter of 300 um and an interspacing of 600 um on center.
500 pL of the dye loaded PVA solution was deposited on the
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Assembly of spring actuator on resistive heater

a Solid PCL

|

PCL melt

Heater 1 mm 1 mm
=== =

-

"
>
= Solid_of'

POL —

3 mm 3 mm
I E——

PCL
melt

Melt PCL

Apply spring‘

Compress spriﬁg

-

SMAD assembly on spring actuator

Figure 2. Assembly of the actuator and SMAD structure. a) Assembly of the spring actuator by melting PCL on the resistive heating element then
attaching and compressing the spring and solidifying the PCL. b) Computer aided design (CAD) rendering of the inverted triangular pattern of spiny
microneedles on the fused silica print substrate and images taken during the photocuring microneedle print process show the hollow shaft structure
with attached barbs. The laser scanning pattern can be seen by the illuminated regions that appear in each image during exposure. Unmarked scale
bars are 50 um in length. c) Assembly of the SMAD starting with attachment of the drug disk to the actuator using PEG, followed by attachment of
the microneedles to the drug disk, then mechanical removal from the fused silica print substrate. d) Final assembled SMAD structure attached to the

actuator with PEG water soluble polymer layer.

microneedle mold, then the mold was placed in vacuum for 15
min to evacuate air from the needle mold, prompting filling
of the mold. Molds were then removed from vacuum, and the
solvent was allowed to evaporate in the ambient environment
for 24 h. Arrays were then segmented into 3 x 3 needle sections.

2.4. Fabrication of Biomimetic Barbed Microneedles

Barbed microneedles previously demonstrated in the authors’
group by Liu et al.**! were fabricated by direct laser writing
(DLW) (Figure 2b). The microneedles were 650 um in height
with a 74 um tip diameter and were adapted to include a 300 um
flared base for greater surface contact and enhanced adhesion to
the drug disk (Figure S6, Supporting Information). Each needle
contains a total of 72 backward-facing barbs with high sharp-
ness (=1 pm) that promote robust tissue anchoring. DLW was
performed using the Dip-in Laser Lithography (DiLL) mode on
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a fused silica substrate with the Nanoscribe Photonic Profes-
sional GT (Karlsruhe, Germany). IP-S photoresist was used
with a 25x objective and a slicing distance of 1 pm to fabricate a
3-needle array. Needles were printed upside down in a triangular
pattern, each needle being 600 um from the array center and
120° separated from the adjacent needle. This predetermined
spacing supports reliable attachment to the drug disk and con-
trol over the spatial arrangement of the needles on the fabricated
structure. After printing, needle arrays were cleaned in propylene
glycol monomethyl ether acetate (PGMEA) for 15 min, followed
by 5 min in isopropyl alcohol and 2 min on a hot plate at 60 °C.

2.5. Package Assembly
Polycaprolactone (PCL) flakes (M,, = 14 000, Sigma Aldrich, St.

Louis, MO, USA) were melted and compressed between two
Kapton sheets to a thickness of 150 um. A 4 mm biopsy punch
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was used to punch a disk from this film. This disk was melted
on top of the resistive heater, then the spring was placed atop
the melt, and compressed as shown in Figure 2a. The package
was then removed from heat and held compressed until the
PCL solidified. The drug disk was then attached to the top of
the actuator using =1.5 g of melted polyethylene glycol (PEG)
that solidifies after cooling. The assembly was then lowered
onto the barbed 3-needle array and adhered using a film of Loc-
tite M-21HP biocompatible (ISO-10993) epoxy adhesive. The
adhesive was allowed to cure for 2 h then the assembly was
raised to mechanically detach the needles from the fused silica
substrate (Figure 2c).

2.6. Mechanical Characterization of Spring Actuator

The spring actuator underwent mechanical compression testing
using an Instron 5942 universal testing system (Norwood, MA,
USA) equipped with a 10 N load cell. The force profile was
obtained during loading and unloading at a crosshead speed
of 1 mm minl. Springs were attached to the platen, then the
crosshead was lowered until contacting the spring. Springs were
compressed to a displacement of 3 mm, then decompressed
until reaching the test origin. Two test groups were evaluated
using this protocol: 1) springs compressed for ca. 18 h before
testing (n = 3); and 2) springs untouched after printing (n = 8).

2.7. Characterization of SMAD and MMN Anchoring

Mechanical tests were performed to compare SMAD and MMN
tissue anchoring and removal forces (Figure S7, Supporting
Information). This was done using the same Instron 5942
universal testing apparatus with a 10 N load cell. All tests were
performed using a crosshead speed of 1 mm min~". Spring actua-
tors fitted with MMN or SMAD tip structures were lowered onto
tissue samples until reaching 75 mN of compressive force. Tissue
was ordered frozen from Animal Biotech Industries (Boylestown,
PA, USA) with mucus attached and without mesentery. Tissue
samples were pre-coated with a =2 mm layer of 1x phosphate
buffered saline solution (PBS) (Sigma Aldrich, St. Louis, MO,
USA) to simulate the presence of mucus and aqueous intestinal
media on the tissue surface. Upon reaching the 75 mN force, the
tissue was moved 2 mm laterally to reproduce the longitudinal
motion experienced in the GI tract. The sample was then retracted
from the tissue. For samples that removed from the tissue before
detaching from the actuator, the tissue removal force was meas-
ured. For samples that detached from the actuator and remained
in the tissue, the detachment force was measured. An additional
group of SMAD samples were permanently adhered to the actu-
ator to determine the SMAD tissue retention force because the
SMAD remained anchored in tissue for all other cases.

2.8. Model Drug Delivery

MMN and SMAD samples were compared using a quantitative
method to evaluate the diffusion of dye from each structure into
agarose phantom tissue. A =1 mm agarose film was created in

Adv. Mater. Technol. 2023, 8, 2201365 2201365 (5 0f14)

www.advmattechnol.de

petri dishes, and dye-loaded MMNs and SMADs were applied
to the film to evaluate the 2D diffusion profile from each
sample type. Images were captured with controlled lighting
at set time points from 0 to 168 h after insertion into the aga-
rose phantom. The images were processed in MATLAB R2021b
(MathWorks Corporation, Natick, MA, USA) to quantitatively
determine the diffusion radius for each time point (Figure S8,
Supporting Information). The red channel image was obtained
for each image, and the image was binarized using a 40%
intensity threshold. Pixels were scaled and counted, and the
radius of diffusion was calculated using the number of 0 pixels
representing the area of dye spread. Radial diffusion was then
plotted, and correction for initial dye mass in each sample was
performed in the context of the diffusion equation.

2.9. Deployment Characterization in a Simulated Environment

The heating element, spring actuator, and attached drug disk
were packaged in a polyethylene terephthalate glycol (PETG) 3D
printed capsule shell to evaluate properties of actuator deploy-
ment. Capsules (n =7) were mounted on a custom-made testing
apparatus designed to control translation speed of the cap-
sules. Contact was made between the capsule body and an agar
hydrogel bed, which was intended to capture the location of
contact with the dye-loaded drug disk based on dye remnants in
the hydrogel. The capsules were set to translate at 1.4 cm min~!
across the hydrogel surface, the mean speed of motion in the
small intestine.® The actuator was fired at a set displacement
along the bed and the deployment translation distance was then
measured as the distance between firing the spring actuator and
the appearance of the dye marker on the agar bed.

Assessment of the fully assembled SMAD and actuator was
performed in a similar manner to the deployment characteri-
zations, however ex vivo porcine intestinal tissue with mucus
still attached (Animal Biotech Industries, Boylestown, PA) was
used instead of the agar bed. The ex vivo tissue was placed in
a 3D-printed PLA semicylindrical cutout (& = 25 mm) to rep-
licate the curvature of the small intestine. Test capsules were
translated at 1.4 cm min™' and the actuator was deployed via
current flow through the resistive heater, and the detachment
process of the SMAD from the actuator was monitored. SMAD
removal was also evaluated during lateral translation across ex
vivo intestinal tissue outside of a capsule to verify removal of
the SMAD from the actuator upon capsule translation in the
small intestine. The actuator and attached SMAD were lowered
onto intestinal tissue (Figure S9, Supporting Information), then
the actuator was moved laterally at =~1.4 cm min~! while moni-
toring the detachment process via stereomicroscope.

3. Results and Discussion

3.1. Fabrication and Assembly

Figure 2 shows the fabrication and assembly process for the
thermomechanical spring actuator and SMAD system. Poly-
caprolactone (PCL) is melted on the microfabricated resistive
heater, then the spring is compressed and held in place when
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Figure 3. Modelling of spring actuator designs. a) Standard conical coil spring with a coil width of 400 um, coil height of 600 um, 3 mm diameter on
center, 8 mm height, and 5° inward conical slope. This design showed lateral instability under axial compression with a 1341 um lateral movement
under 50 mN axial compression. b) Wave-like conical spring with 4 overlapping coils with a coil width of 400 um, coil height of 150 um, 3 mm diameter
on center, 8 mm height, and 5° inward conical slope. This design showed an 87% reduction in lateral perturbations under 50 mN compression due to

the four-point contact at the base and tip of the spring.

the PCL solidifies (Figure 2a). The SMAD is then built on top
of the spring. First, the biomimetic anchoring microneedles
are printed upside down on a fused silica substrate using DLW
(Figure 2b). The drug-loaded polyvinyl alcohol (PVA) disk is
then attached to the spring with polyethylene glycol (PEG) and
the microneedles are transferred to the SMAD via biocompat-
ible epoxy resin (Figure 2c), yielding the fabricated structure
(Figure 2d).

3.2. Simulated Characteristics of the 3D-Printed
Soft Spring Actuator

Wave springs offer high lateral stability and space conser-
vation in the axial direction, but their fabrication using
3D-printing is challenging due to the low level of connectivity
between the stacked coils. To address this challenge, we devel-
oped a wave-like spring design that utilizes similar principles
to improve lateral stability and axial compression charac-
teristics but is compatible with DLP 3D-printing because of
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the reinforced joints between coils. Figure 3 shows a com-
parison in COMSOL Multiphysics between an 8 mm conical
coil spring and the wave-like spring under axial compression
with a force of 50 mN. Lateral deflection experienced by the
superimposed spring was reduced to approximately 1/8th
that of the standard conical coil spring (1341 to 172 pm). This
result validates this design, indicating higher stability under
axial loading—a necessary attribute for reliable injection of
microneedles into the mucosal tissue using a freestanding
soft spring actuator. Furthermore, the lateral stability achieved
by this design is critical for the repeatable 3D printing of the
springs in a vat polymerization process like DLP. Springs
with less lateral stability tended to sway with movements of
the build plate and resin, causing misalignments between the
crosslinked layers, and print failure in some cases. DLP 3D
fabrication is advantageous because it permits the fabrica-
tion of soft polymeric springs with blunt surfaces and tunable
mechanical characteristics by varying the volume ratio of the
Tuff:Flex100 resins that were used. The balance of compliance
and stiffness achieved here is critical to attaining sufficient
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Figure 4. Mechanical aspects of the spring actuator. a) Images captured during compression testing of the spring actuator. The magnified image
shows the stair like structure of the 3D printed spring that results from the layers and voxels created by the DLP printing process. b) Compression
and decompression of the spring actuator during mechanical testing. c) Mean results of the mechanical test comparing one compression cycle for
standard as-printed springs (n = 8) to springs held in compression overnight (n = 3). Results for standard springs were reproducible to within 5.4%,
and results for overnight compression were reproducible to within 9.3%. Relaxation occurred throughout the 6 min compression cycle, and springs
held in compression showed an additional 390 pm of relaxation, though the springs remained capable of extension up to 2 mm in both cases.

spring stiffness while safely interfacing with the delicate GI
mucosal tissue.

3.3. Mechanical Characterization of the 3D-Printed Spring

Mechanical properties of the spring were characterized via
mechanical compression tests to evaluate the spring stiffness
and force application profile (Figure 4). Additionally, a com-
parison was performed between freshly printed springs and
springs compressed overnight (=18 h) to examine the impact
of prolonged compression on deployment reliability. Further
experimentation on the effects of compression and ageing is
shown in Figure S2, Supporting Information. Samples were
loaded between chucks and the springs were compressed to a
displacement of 3 mm at a rate of 1 mm min?, then decom-
pressed at 1 mm min™" until reaching the origin. Force exerted
on the 10 N load cell was plotted versus displacement and aver-
aged for each group to yield the mean spring compression
curves. The mean spring stiffness for each group was calculated
using the maximum force, minimum force, and displacement
through force loading for each sample.

The mean spring stiffness within the control group was found
to be 25.4 + 1.4 mN mm™ (n = 8), while stiffness among the
overnight compression group was 270 * 2.5 mN mm™ (n = 3).
Comparing these figures to the 0.6 mN insertion force for the
biomimetic barbed microneedles previously shown by Liu et
al,**1 this force is sufficient to insert many microneedles into
the GI mucosa at only small deflection values. Furthermore,
the pressure exerted on the tissue at full compression, =24 kPa,
is expected to be non-destructive to the GI tissue as previous
reports of pressure application on porcine intestinal tissue
showed no significant tissue trauma below 100 kPa.>’]

The use of soft polymeric materials has advantages for tissue
compatibility, because the soft material is less destructive than
metal springs to the delicate GI tissue. However, soft polymeric
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materials can exhibit viscoelastic characteristics and plastic
deformation that make them challenging to use for a spring
mechanism. The mechanical tests performed here give insight
into the effects of viscoelastic properties on the spring actuator.
The first notable consequence is that at the compression—decom-
pression rate of 1 mm min~}, the spring exhibited =600 pm
relaxation throughout the compression. This degree of relaxa-
tion is still not prohibitive to the project objectives, as only
~1 mm of the full 3 mm actuation distance needs to be realized
for microneedle penetration into tissue. The comparison here
also gives insight into the effects of long-term compression on
the spring characteristics. It was observed that the overnight
compression springs experience =390 um of relaxation due to
the prolonged compression and showed comparable relaxation
to the as-printed springs during the compression cycle. Though
this still enables more than the =1 mm actuation distance
needed for SMAD anchoring, the challenge of viscoelasticity
in such a soft actuator deserves more attention. In the future,
selection of low-creep polymers and process refinement may
significantly improve these characteristics.

3.4. Heater Characterization

Power supply for ingestible electronics is a significant limita-
tion, and coin cells like the 2L76 are commonly used, which
can produce a sustained current of up to 60 mA. Heaters were
designed to maximize power dissipation under these con-
straints. Accordingly, the design resistance of 50 Q limits peak
current draws to =60 mA by ohms law with a 3.3 V source after
consideration of additional internal resistances of the system.
The linear dependence of conductance on cross sectional area
begins to fail as material properties change below =100 nm
trace thickness, %l therefore the heater was designed to have the
desired 50 Q resistance with a 100 nm film deposition thick-
ness to minimize material cost while still enabling predictable
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Figure 5. Releasing the actuator. a) Resistive heating element used to melt the polycaprolactone binder used to affix compression of the actuator. The
heater is made of thin film (155 nm) Au deposited on a Kapton polyimide substrate. b) Demonstration of the actuation using a capsule compatible
Energizer 2L76 battery regulated to 3.3 V. ¢) Testing of actuation distance and timing using a programmable GI motion simulator set to move at the
mean translation speed in the small intestine, 1.4 cm min™'. Contact with the phantom tissue surface occurred at =3.3 mm of translation corresponding

to a time of 14.1s (n=7).

changes in resistance with changes in trace deposition thick-
ness. Given the constraints on resistance and trace thickness,
the critical parameter of trace Length Width™ must have the
value of 208.3. Au heaters were deposited to 100 nm design
trace thickness (Figure 5), but resistance testing revealed a sys-
tematic process error, resulting in a mean resistance of 775 Q,
a 55% deviation from the design value. The origin of this error
is unclear; however, it could be a result of a systematic error
in deposition instrumentation, lithography process, substrate
topography or deposition uniformity that may have impacted
the cross-sectional trace area in some regions, yielding higher
than expected resistance values.

To address the deviation, a linear correction was made using
the design and experimental resistance values, indicating that
a 155 nm deposition thickness would return the desired 50 Q
trace resistance. The revised fabrication process was performed,
yielding an experimental resistance of 49.8 + 1.8 Q, a 0.4%
deviation from the intended resistance. The melt time of PCL
when in contact with the resistive heater was evaluated by sup-
plying current from a 2L76 coin cell battery regulated to 3.3 V.
A mean melt time of 3.3 £ 0.2 s was achieved, indicating the
ability of the mechanism to fire rapidly to achieve on command
delivery of the drug-loaded SMAD to the GI tissue. Moreover,
this melt duration at 60 mA corresponds to only 0.03% of the
2176 160 mAh capacity.’’!

3.5. Spring Deployment Testing

Following the validation of the independent spring and heater
systems under capsule-relevant constraints, the combined
system was evaluated to understand characteristics of spring
deployment (Figure 5). The spring actuator was deployed
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outside of a capsule (Figure S3, Supporting Information) and
packaged in a capsule (Figure 5a) to image deployment using
a 2L76 coin cell battery. Then, to determine the deployment
time and distance, a capsule was translated on an intestinal
simulator and the spring was fired into an agar bed. The
spring was capped with a dye-loaded PVA disk, and fired at
a predetermined location, eventually marking the point of
contact between the dye-loaded disk and agar bed (Figure 5c).
The distance between firing and dye marking was measured
and the time to contact was calculated using the translation
speed. The mean measured transit distance before con-
tacting the phantom agar medium was 3.3 £ 0.7 mm (n = 7).
Using this data and the translation speed, a deployment time
of 14.1 £ 3.0 s (n = 7) was determined. Based on the deploy-
ment time demonstrated here and the polymer melt times,
it is evident that the major contribution to deployment time
is the decompression of the spring. This deployment time
contribution is the experimental manifestation of the previ-
ously discussed viscoelastic spring properties. Nevertheless,
spring deployment was found to be reliable and predictable,
as indicated by the 3.0 s standard error in deployment time,
which is acceptable relative to the mean intestinal transla-
tion speed of 1.4 cm min~.¥ Furthermore, instances of failed
deployment did not occur during the controlled experiment. In
early testing and development, instances of failed deployment
were a result of fabrication error, for example, spring-heater
misalignment, excess of PCL or poor electrical attachment to
the thin-film heater—errors that would largely be resolved by
mass-fabrication approaches.

The actuator deployment distance demonstrated here is an
important metric to determine both the accuracy and precision
of location targeting. The precision of delivery location should
be high in comparison with the radius of drug spread after
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Figure 6. Mechanical testing of the SMAD. a) Images corresponding to the numbered sequence of insertion and removal. b) Example of insertion (com-
pression) and removal (retraction) force profile throughout mechanical experiments comparing the SMAD to a traditional conical molded microneedle
structure (MMN). Insertion up to 75 mN at a rate of 1 mm min~'is followed by retraction until detachment of either of the structures from the actuator,
or removal from the tissue. Red arrow indicates the time of peak removal force. c) Results of the force loading described in (a). SMAD demonstrated
an anchoring force of 17.2 mN (n = 4) compared to the 0.8 mN (n = 4) achieved by the MMNs, a 22-fold improvement. The SMAD also reliably over-
came the force required for removal from the actuator, whereas the MMNs did not sufficiently overcome this 3.3 mN (n = 4) force. Error bars represent
standard error of the mean. SMAD anchoring, MMN anchoring and tip removal force was found to be reproducible to within 12.6%, 22.0% and 33.3%,
respectively. d) CAD rendering comparing the molded microneedle (MMN) structure with the spiny microneedle anchoring drug deposit (SMAD).

delivery to ensure that the delivered drug reaches the target
location. This point will be addressed below in the discus-
sion of model drug delivery experiments. Another significant
consideration is the locational accuracy, or mean deployment
distance, compared to the size of the ingestible capsule. For
sensor-informed delivery to locations of interest, the accuracy of
drug delivery location can be augmented by the positioning of
sensors in front of the drug delivery actuator to correct for the
deployment distance. The Food and Drug Administration (FDA)
recommended 22 mm maximum capsule sizel*® is significantly
larger than the 3.3 mm deployment translation distance shown
here, therefore sensor placement can be used to account for the
deployment time, yielding much higher accuracy in delivery.
These calculations rely on the mean translation speed in the GI
tract, however motion in the GI tract is not continuous, thus
a more comprehensive evaluation of delivery timing could
improve the precision of delivery. With sensing modalities like
optical sensing, one can even estimate the current translation
speed and fire the actuator at a suitable time to improve loca-
tional accuracy.

3.6. Characterization of SMAD Anchoring in Ex Vivo Tissue

To quantitatively evaluate the axial tensile removal proper-
ties of the SMAD when compared to the widely demonstrated
MMN technology,®®>%) mechanical removal experiments were
performed on the SMAD and MMNs attached to the spring
actuator. Figure 6a shows a representative sample at each
stage of testing, and Figure 6b illustrates the force loading
and unloading during experimentation, including a red arrow
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indicating the point of detachment or removal. Figure 6c¢,d
shows the mechanical removal and tip detachment data of
the SMAD compared to MMNs and the corresponding ren-
derings of each structure. ‘Tip detachment force’ refers to the
removal force of the SMAD or MMN structure from atop the
actuator, while ‘anchoring force’ refers to the force required to
remove the SMAD or MMN structure from the tissue sample.
The conical MMNs showed an anchoring force of 0.8 £ 0.1 mN
(n =4) compared to the 172 £ 2.6 mN (n = 4), a 22-fold improve-
ment over the conical MMNs. Furthermore, the 172 mN
anchoring force of the SMAD is significantly higher than the
3.3 £ 1.1 mN (n = 4) force required to detach the tip struc-
ture from the actuator. Conversely, the MMNs demonstrated
an anchoring force that was insufficient to remove the array
from the actuator. In all cases, we found that tissue removal or
SMAD/MMN removal occurred before rupture of the spring.
The firm tissue anchoring achieved here is critical for removal
of the SMAD from the actuator, but it also enables robust adher-
ence to the target region and, consequently, reliable prolonged
therapeutic delivery. The exceptional anchoring ability of the
structure demonstrated here compared to the MMNs gener-
ates more reliable tissue anchoring and system operation. Fur-
thermore, the biocompatibility of the IP-S microneedles, Epoxy
resin, PVA, and PEG materials enables prolonged attachment
without significant harm to tissue and surrounding organs.

3.7. Model Drug Delivery

To demonstrate the efficacy of drug delivery in agarose phantom
tissue, the diffusion of a model drug (FD&C Blue #1 Dye) from
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Figure 7. Quantification of model drug delivery in agarose phantom tissue. a) Diffusion of dye from a SMAD at representative time points between
0 and 168 h in a light-controlled environment. b) Diffusion radius from SMAD and MMN samples at each imaged time point. Quantitative data is
obtained by MATLAB image analysis, as can be found in Figure S4, Supporting Information, with dye spread images. c) Logarithmic fit of squared
diffusion radius with respect to the initial dye mass in each sample. This relationship is predicted by the diffusion equation and indicates comparable

performance between the MMN group and SMAD group.

SMAD and MMN samples was compared. Figure 7a shows the
release and subsequent diffusion of dye from a SMAD sample
at 0, 48, and 168 h as representative time points for the dye
diffusion profile. At 48 h, the apparent perimeter of dye diffu-
sion is at a radial distance of =1.8 cm, while this expands to
=2.5 cm after 168 h. Five samples of each SMAD and MMN
were characterized using this diffusion approach and rep-
resented quantitatively as the mean diffusion radius at each
measured time point in Figure 7b. Upon initial observation,
there exists a discrepancy between the extent of diffusion from
the MMN and SMAD. However, a difference in outcomes is to
be expected due to variations in initial dye mass between MMN
and SMAD structures. The thin agarose diffusion medium con-
strains diffusion to two dimensions; thus, this case most closely
resembles 2D Fickian diffusion. The time-dependent concen-
tration profile pertaining to this diffusion case is described by
Equation (1), where C is concentration, Cj is initial concentra-
tion, D is the diffusion constant in the given medium, ¢ is time
and r is radial distance:

2

et (1)

C=C,
4rDt

The extent of diffusion from each sample can be measured
by the radial diffusion distance at which the dye concentra-
tion exceeds a threshold value. With consistent lighting, the
threshold concentration value corresponds to a constant light
intensity value in the dye spreading image. Thus, the red
channel light intensity from a blue dye sample can be used
as a direct indicator of the perimeter of constant dye concen-
tration—enabling a quantitative treatment of the diffusion to
account for differences in initial dye content across samples.
For a given intensity threshold (1), the squared radial diffusion
distance (r?) is predicted by Equation (2):
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r =4Dt(ln(C0)—ln(2T(7tDt)%)) ()

At one specific measurement time, D, ¢, and T are con-
stant and r? carries a logarithmic dependence on the initial
concentration; therefore, one time point can be used to com-
pare the relationship between r? and C, for the SMAD and
MMN cases. Figure 7c uses t = 168 h to compare the radial
diffusion distance with initial dye mass in the context of
Equation (2). The data across both groups obeys the equation
with R? = 0.9773. To validate the logarithmic character, a diffu-
sion coefficient of D = 2.6 x 107® m? s7! was calculated from
the logarithmic coefficient using Equation (2). This value is
in strong agreement with previously reported values for the
diffusion of dye in agar gel (D = [2.5 £ 0.2] x 10710 m? s71),[68]
corroborating the logarithmic data trend. These results indi-
cate that the SMAD is capable of effusion of drug into tissue
in a comparable manner to penetrating MMNs that have been
widely validated in literature.

Revisiting the spread radius of dye in the agarose phantom,
the radius of dye spread in tissue is a critical parameter because
containment enables increased local concentration with
reduced dosing. However, radial diffusion distance must be
sufficient to target an inflammatory location with high repeat-
ability using the actuation mechanism demonstrated here. The
intestinal translation distance between firing and tissue contact
varied with a standard error of 0.7 mm and a 99.9% confidence
level of repeatability within 2.24 mm. Compared to the dye
spread radius demonstrated in Figure 7 of up to 25 mm, the
repeatability is more than sufficient to ensure therapeutic cov-
erage to the inflammatory target site. Moreover, there is room
to increase the localization, which can be done using material
selection. The expulsion of model drug from the drug disk relies
primarily on the diffusion of a dye from the PVA following the
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Figure 8. Evaluation of the packaged SMAD and actuator in ex vivo tissue. a) Ex vivo testing apparatus composed of: i) a vertical slider that transfers
a relevant load to the test capsule; ii) a test capsule; iii) a 3D-printed PLA tissue holder with an inner radius of curvature of 12.5 mm; iv) ex vivo intes-
tinal tissue; and v) the translating device to control motion of the test capsule. b) Firing of the spring actuator and SMAD into intestinal tissue on
command. There is no noticeable dye leaking out of the capsule opening before actuation, however after actuation, the SMAD is left behind in tissue
to deliver model therapeutic agent to the local area in the tissue. c) Lateral removal of the SMAD in ex vivo intestinal tissue showing removal after

~3 mm of spring deflection.

polymer hydration and swelling. Once hydrated, the diffusion
from the SMAD to the phantom tissue is rapid compared to
diffusion through the phantom and the concentration in the
SMAD is approximately equal to the directly adjacent phantom.
In this sense, the disk acts as a directly connected reservoir of
therapeutic agent, thus the drug spread relies largely on dif-
fusion from the SMAD. Alternatively, low-solubility materials
could be used that would offer the ability to regulate and signifi-
cantly slow the release of drug from the SMAD. Consequently,
the system developed here provides a platform for modulating
the release profile utilizing a variety of materials with different
dissolution or swelling rates in intestinal fluid to fit the needs of
the desired application, potentially spanning to broader applica-
tions than only gastrointestinal inflammation.

3.8. Spring Deployment and SMAD Release in Tissue

To demonstrate the combined system operation in a controlled
ex vivo environment, the entire packaged system was placed in
a test capsule and fired into porcine intestinal tissue (Figure 8).
Power was supplied to the heater and limited to 3.3 V
and 60 mA, emulating capsule conditions. Translation on the
ex vivo tissue occurred at a speed of 1.4 cm min~), and the
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spring was fired during translation. No leakage of dye into the
tissue and surrounding fluid was observed before the SMAD
was released into the tissue. Following the deployment of the
actuator, blue dye could be seen behind the capsule, then the
SMAD appeared from behind the capsule. This result validates
the reliable location-specific release that the actuator and SMAD
can achieve. Notably, the presence of simulated intestinal fluid
media increases the rate of drug spread and impacts the level
of achievable localization. Further investigation will be required
to understand the degree of drug spread with varying drug disk
composition and intestinal fluidic conditions. Nevertheless, the
prolonged direct tissue contact made by the SMAD enables the
greatly increased localization of effused drug when compared
to an instantaneous release of fluid.

Throughout deployment a significant component of displace-
ment and force on the system will be applied perpendicular to
the actuation direction. To model and document SMAD release
in this case, the SMAD was attached to an actuator outside of
a capsule, applied to tissue and translated laterally (Figure 8c)
until the SMAD structure was removed. Removal occurred at
=3 mm deflection, corresponding to 3 mm of capsule transit
within the intestine. This experiment further validates the
structures removal in tissue under lateral force application and
gives insight into the removal characteristics.
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Overall, the significantly localized model drug delivery
achieved using the SMAD has the potential to considerably
increase the level of focused treatment for early intervention
of GI disorders. Directed therapeutic delivery to the 2.5 cm
delivery radius demonstrated here compared to the =32 m?
gastrointestinal surface areal®® would result in a =16 000-fold
higher areal drug concentration. This drastic enhancement in
local concentration could serve to mitigate or effectively elimi-
nate drug side effects with lower dosing and achieve enhanced
targeted treatment of affected inflammatory regions, enabling
early intervention of GI disorders, and limiting the spread
and consequences of the disease while minimizing drug side
effects.

It is critical to note that the localization of drug release could
vary significantly when performed in vivo. The introduction of
peristaltic and segmentation movements,”% as well as varying
fluid and mucus content will result in lower predictability in
delivery localization. Still, location specific delivery is signifi-
cantly enhanced using this mechanism. There are also tissue
compatibility challenges within the dynamic GIT environ-
ment. The SMAD has the potential to become permanently
lodged within tissue via envelopment in intestinal folds, which
could lead to complications including blockage and infection.
One mitigating circumstance is the solubility of the drug disk,
resulting in complete dissolution on the scale of days, leaving
only the microscale biocompatible needles to be cleared by cel-
lular mucosal cell turnover.”! Further experimentation is also
needed to evaluate the impacts of prolonged retention on tissue
integrity and inflammation, as well as blockage for passing
luminal contents including the capsule itself. Microneedle
devices in general have been established as exhibiting low
tissue damage,>%*%] however more analysis is needed to
evaluate the impacts of the biomimetic needles on tissue.
Nevertheless, the system demonstrated here has the potential
to meaningfully enrich the collection of available targeted drug
delivery technologies.

The hybrid fabrication process demonstrated here utilizes
several technologies in concert to achieve precise actuation and
robust anchoring. Scaling of these processes also presents a
challenge, as 3D printing methods in particular are of notori-
ously low throughput. However, micromolding of 3D printed
components from this proof-of-concept system presents a pos-
sible mass scale fabrication strategy that would further enable
versatility in material selection. Fabrication reliability and
throughput would also be augmented by robotic assembly
machines for film casting, stamping, microfabrication, and
component placement. Evaluating the aptitude of such large-
scale processes will be a critical investigation for future applica-
tion of this technology.

4, Conclusion

In this paper we introduce a compact thermomechanical
3D-printable actuator combined with the first application
of biomimetic barbed microneedles toward drug delivery in
the GI tract. This is accomplished using a 50 Q microfabri-
cated thin film Au resistive heating element that melts a PCL
adhesive layer, firing the spring actuator. Gastrointestinal
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anchoring is achieved by a SMAD structure, composed of
spiny microneedles adhered to a dissolving drug loaded PVA
deposit. The high resolution (=1 um) of the DLW process
enables high sharpness and a firm tissue anchoring force
of 172 + 2.6 mN (n = 4). The actuator demonstrated reliable
and repeatable deployment with a mean deployment time of
141 £ 3.0 s (n = 7), and SMADs with the barbed micronee-
dles anchored with a 22-fold higher tissue retention force than
conical molded microneedles—reliably overcoming the force
required for removal of the SMAD from the spring actuator.
SMADs also demonstrated comparable drug delivery charac-
teristics to standard MMNs through model drug delivery in
an agarose phantom tissue. Diffusion of dye from SMADs
reached a radial distance of 25 mm. After correction for the
initial dye mass in each sample, the SMAD and MMN data
showed high correlation (R? = 0.9773) indicating predictable
and comparable performance with a diffusion constant of D
= 2.6 x 1071% m? s7!. Furthermore, the vast material selection
available for a simple disk structure introduces a means for
direct modulation of drug release profiles and spread charac-
teristics. Overall, the reliable actuation and robust anchoring
provided by this system enables location-specific long-term
delivery and anchoring of therapeutics to facilitate prolonged
treatment of target locations in the GI tract, opening new pos-
sibilities for early therapeutic treatment of GI diseases and
other local gastrointestinal conditions.
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