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ABSTRACT: The gastrointestinal tract is a desirable target for
drug delivery because it acts as a gateway to the body through
intestinal uptake mechanisms and because it is preferred by
patients leading to better outcomes. While ingestible devices have
been developed to enable delivery of drugs at specific locations in
the intestinal tract using various methods, one undeveloped area of
gastrointestinal drug delivery is controlled release from devices
operating in the intestinal tract. In this work, a versatile
combination of semiresident injection technologies has been
developed to allow tunable drug delivery of >5 yL with half-lives
between 4 s and 118 days. The injectors rely on a previously

[Rapid Delivery Prolonged Delivery\

developed ingestible actuation technology to deploy into the intestinal tissue and prompt dosing across the mucosal barrier. The
injectors are composed of a hybrid 3D-printed reservoir and microneedle structure with variable material and geometric properties
to enable tailored dosing. The demonstrated technology provides a framework for higher-level control over drug delivery using
advanced fabrication techniques to achieve versatile and advantageous structural properties.

KEYWORDS: gastrointestinal drug delivery, direct laser writing, 3D printing, ingestible device, hybrid fabrication, diffusion control

B INTRODUCTION

Oral delivery of drugs is the preferred therapeutic route by
patients, leading to greater adherence to treatment protocols
and overall health outcomes when available."” The gastro-
intestinal (GI) tract is primarily responsible for absorbing
nutrients through the embedded vasculature and lymphatic
capillaries in the intestinal mucosa, providing opportunities for
targeted delivery to these physiological systems.” For example,
intestinal delivery could enable minimally invasive drug release
into systemic circulation or direct targeting of the lymphatic
system.””” However, delivered drugs are often required to pass
through the intestinal mucosal barrier, where the combination
of mucus and the epithelium resists absorption, especially
drugs with large hydrodynamic size and charge, lowering
bioavailability and increasing dosage requirements.”” More-
over, the GI tract is a harsh environment with variable pH
(1.5-7.4) and composition that can degrade exposed drugs
throughout transit.'"”~"> Consequently, technologies to trans-
port and facilitate controlled release of drugs at points of
interest in the intestinal tract would be coveted for their ability
to enable oral delivery of traditional parenteral drugs.
Various techniques have been explored in academic
literature to facilitate cross-barrier drug delivery in the GI
tract.*7'® A developing approach uses nanoparticle drug
carriers for transcellular transport across the intestinal mucosal
barrier.”'”~** At its current stage, this approach is challenging
because, in most applications, the rate of transcellular transport
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is insufficient.”> Moreover, while targeting of diseased areas
using such technologies is an active area of research, no
successful clinical examples exist.”* An alternative approach
evaluated by device researchers is the application of passive
ingestible devices for mechanical perturbation of the mucosal
barrier.'>>>*° In this approach, microscale or millimeter-scale
needles are used to pierce the mucosal barrier and release the
drug.”’~* This is most commonly in the form of dissolving
microneedles; however, hollow microneedles have been
explored.”® For example, Abramson et al. have developed a
self-orienting mm-scale applicator (SOMA) that injects a
millineedle into the stomach wall for systemic drug release.””

Another noteworthy opportunity for gastrointestinal drug
delivery involves localized drug delivery to release locally active
drugs at sites of affliction or advantageous regions to improve
efficacy (e.g., high absorption).”** Localized drug delivery can
be achieved through several techniques, ranging from passive
dissolution-guided approaches to actively triggered robotic
pills.*® The simplest and most widely utilized form of localized
delivery uses passive pill coatings or casings that dissolve in
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Figure 1. Overview of the versatile injection system. (a) The flexible injection system uses actuation force to achieve rapid injection into intestinal
tissue. (b) Overview of the device application including ingestion, transit through the upper GI tract, and deployment at the site of need. (c) The
rigid injector that relies on diffusion for control over prolonged drug delivery and barbed anchoring microneedles for anchoring in the intestinal
tissue. (d) Sequential operation of the flexible injector where (d(i)) the injector microneedles first enter the intestinal tissue and then (d(ii)) the
injector is compressed by an actuator force for injection. (e) Prolonged operation of the rigid injector where (e(i)) the needles anchor in the
intestinal tissue and (e(ii)) diffusively release the drug into the surrounding tissue for prolonged localized treatment. (f(i,ii)) Deployment of the
flexible injector into ex vivo porcine intestinal tissue. (g(i,ii)) Deployment of the diffusional injector into ex vivo porcine intestinal tissue.

specific pH-graded regions of the GI tract (e.g,, stomach, small
intestine) dependent on their use case.”'"** Passive ingestible
injection devices can also use these pH-specific materials as a
trigger for region-specific drug delivery; however, this regional
level of control is only useful in specific applications.”**®
Actively controlled ingestible capsules with embedded sensors
offer an alternative approach to control the specific site of drug
release.’® For example, devices like IntelliCap and others were
developed to release liquid drug on command from a
reservoir.”’ ™% While fluid release capsules are useful,
mechanisms for deployment or actuation toward the intestinal
wall are required to access beyond the intestinal mucosal
barrier. Lee et al. have demonstrated drug-eluting microneedles
deployed using a magnetically guided capsule system.”**” The
greatest clinical drawback of this system is the requirement of
complex external electromagnetic equipment for its operation.
In prior work, Levy et al. addressed this challenge by
developing an ingestible capsule that uses a simple magnetic
switching mechanism to activate actuators for drug delivery,
requiring only a hand-held magnet for remote deployment of
dissolving microneedles.’® The prior capsule contained a
battery, magnetic switch, and heating element that released a
cantilever to deploy out of the capsule toward the GI wall,
applying a force to deliver microneedles to the intestinal
tissue.” In the prior work, a dissolving microneedle array was
used as a drug storage element during the demonstration of

actuator deployment.”’ However, the dissolving microneedles
do not offer extensive versatility in the delivery time frame,
depth, and location, evidencing a need for more control at the
drug packaging level.

In this work, we develop a versatile microinjection
technology for localized and controlled GI drug delivery
from actuator-embedded ingestible capsules (Figure 1). The
drug injectors are fabricated by a hybrid 3D-printing process
merging mesoscale liquid crystal display (LCD) vat photo-
polymerization (VPP) 3D printing of drug reservoirs with
direct laser writing (DLW) of hollow microneedles directly on
the reservoirs for transport of drugs through the mucosal
barrier and into the tissue. The microinjectors enable
controlled loading volume, delivery time frame, and delivery
location via changes in the reservoir material and needle
geometry. Reservoirs fabricated with rigid material rely on
diffusion out of the injector, while flexible reservoirs enable
pumping by the applied actuator force, using the previously
developed actuator capsule as a platform.”>" In both cases,
the length and diameter of the hollow needle channel regulate
the rate of release of fluid drug from the reservoir. This
demonstration of versatility from such drug injectors is a major
step forward for oral drug delivery, enabling controlled and
localized dosing to improve treatment efficacy and outcomes.
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Figure 2. Hybrid fabrication of the injectors. (a(i),(ii)) Vat photopolymerization 3D printing of the flexible injector using a flexible biocompatible
photoresin. (b(i),(ii)) Vat photopolymerization 3D printing of the flexible injector using a rigid biocompatible photoresin. (c(i),(ii)) Direct laser
writing of the rigid conical hollow microneedles on top of the flexible reservoir using the Nanoscribe Photonic Professional GT+. (d(i),(ii)) Direct
laser writing of the rigid barbed hollow microneedles on top of the rigid reservoir using the Nanoscribe Photonic Professional GT+. (e) Fabrication
of the test apparatus for benchtop diffusional and flow analysis. The process involved (e(i)) laser drilling of channels in a 304 stainless steel plate,
(e(ii)) VPP 3D printing of wells for drug loading, and (e(iii)) attachment of the channel plate to the 3D-printed wells. (e(iv),(v)) The fabricated

diffusional test apparatus.

B RESULTS AND DISCUSSION

Device Assembly and Operation. Drug injectors were
fabricated using a hybrid process that combines vat photo-
polymerization (VPP) liquid crystal display (LCD) 3D
printing of drug reservoirs with direct laser writing (DLW)
of hollow microneedles. Reservoirs are printed on a support
base in a 3 X 3 array for compatibility with the Nanoscribe
DLW system (Figure 2a(i),b(ii)). Nanoscribe IPS is vacuum
loaded into the reservoirs, and excess resin is placed atop the
reservoirs before DLW. The microneedles are printed directly
on the reservoirs with a rigid IP-Q photoresin (Figure
2¢(i),d(ii)). Model drug solution is loaded into the reservoirs
via vacuum loading, and delivery is driven and controlled by
both diffusion and convection. In the case of the flexible
injector, rapid convective delivery is achieved by compression
of the reservoir; however, for the rigid injector, diffusion
predominantly governs the release rate from the injector. The
combination of methods enables control over a wide range of
delivery profiles. Flexible injectors utilize a square shape to
maximize loading volume, while rigid injectors are cylindrical
to mitigate edge sharpness of the rigid structure. Dimensions of
the injectors are shown in Figures SI and S2. The hybrid 3D
fabrication approach additionally permits features to be made
over various scales and geometries, enabling large loading
volumes with sharp and intricate needles to achieve advanta-
geous characteristics, such as tissue anchoring. For evaluation
of the injectors, a custom test apparatus was created using
laser-drilled steel diffusion and flow channels and LCD 3D-
printed diffusion and flow channels (Figure 2e(i),(v)).

The fabrication of the reservoirs, made in batches of 72
using LCD 3D printing, takes approximately 90 min.
Fabrication of the needles, made with one injector at a time,
takes approximately 66 min. Additional fabrication steps such
as photopolymer development and drug loading are performed
as batch processes. Thus, the current throughput bottleneck is
in the fabrication of the needles using the Nanoscribe PPGT+.
While DLW was employed to achieve rapid prototyping and
design iteration, several approaches could be employed for
fabrication of the injectors at scale, such as micromolding or
projection microstereolithography (PuSL) that can achieve
comparable feature sizes.”” Future investigations into replicat-
ing injector characteristics using scalable processes will be
conducted in the translation of this technology.

Computational Assessment of Flexible Injectors. The
compression of the flexible injector is a product of the applied
actuator force used to deploy the injector toward the
gastrointestinal wall.’’ The actuator applies a force to the
injector, which is converted to pressure inside the reservoir,
prompting flow through the injection channels. The flow rate
depends on the applied force, which can be tailored between
100 and 1500 mN by varying the cantilever actuator thickness.
Compression of the injector body was evaluated using
COMSOL Multiphysics finite element method (FEM)
modeling to understand the required compression force for
injection. A fixed constraint was applied to the bottom injector
surface, and force was applied to the top surface of the injector.
Figure 3a(i)—(iii) shows the total displacement of the injector
when subjected to compressive forces between 50 and 250
mN. Figure 3b summarizes the linear relationship between
force and displacement, resulting in an effective stiffness

https://doi.org/10.1021/acsami.5c05183
ACS Appl. Mater. Interfaces 2025, 17, 36420—36432


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c05183/suppl_file/am5c05183_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c05183?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c05183?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c05183?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c05183?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c05183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

&

; Total Diiplacement (mm) N Total Dis1placement (mm) = C(I) 2 %10 B
a(i) 2, Io.z a(ii) T2, Io.e — 'gmo °
4 1618 4 s 3 [2 cfii) v
p 0.14 . 04 = o 80 ®
A\ 2 ;8.12 x N 2 ._.15_u L0
lo: 3 03 o 19 ]
A 1 tofozg |3 S3
. 3 oo . 3 o1 & ik 4 o
vix 1 2 0 vix 1 2 0 3 K] Y
3 5
a(iii) Total Di?placement (mm) * %400 b e 1 § 20 [Minimum _ 8 g
1o - L 5 == ©3
3 Ia_g 8300} AX=5.16F [um/mN] E 2 %0 2 2 40 50 60 3
3 8§, S “E’ 05} Channel Diameter [um] =
: o
06 §200 5 O
02 S &=
134 8100 > -
02 g Minimum - . ]
0" 8 % mo 7o e 7a00 50 100 150 200 250 300 350 400
Displacement [1m] Channel Diameter [um]
e 3000— : . ; ;
_ ~so0um
Ly —e—500um
£ 25001 ——750um|]
5 um
o
= 2000
()
=
-l
= 1500 T
[}
o I
e [(D)] T
Diffusion Channels E‘ 1000+ b
[T}
|| | 2
Q 500+ ]
| (a]
[ i
Reservoir 0 * .

20 40 60 80

Channel Diameter [um]

100

Figure 3. Computational assessment of the injector characteristics. (a) Compression of the flexible injector using COMSOL Multiphysics FEM
software with forces of (a(i)) S0 mN, (a(ii)) 150 mN, and (a(iii)) 250 mN. (b) The relationship between compression force and displacement of
the flexible injector top surface is linear with a proportionality constant of 5.16 yum-mN~". (c(i)) Computational evaluation of the flexible injector
using the Hagen—Poiseuille equation shows (c(ii)) sufficient injection rates can be achieved with channel diameters as low as 60 ym at a pressure
of 25 kPa. (d(i),(ii)) COMSOL Multiphysics model of diffusion of dilute species through a three-channel array into a large reservoir. The color
gradient represents the concentration gradient where blue is low concentration and red is high concentration. (e) Diffusion half-life for a variety of
channel diameters and lengths showing the predictability of the delivery time frame using the rigid drug injectors.

constant of 5.16 mN-um™". Notably, contact constraints were
not used in the interior of the reservoir, and the force required
at higher compression values is expected to deviate from the
linear behavior in Figure 3b. Nevertheless, this result validates
that the flexible injectors can be readily compressed using
achievable actuation forces of >500 mN demonstrated
previously by Levy et al.’® Moreover, the rigidity of the
flexible reservoir below 50 mN is critical to enable microneedle
penetration prior to compression of the reservoir. This
sequential operation ensures optimal delivery efficiency by
promoting drug release following insertion of the needles.

As the flexible injector does not utilize anchoring barbs, it is
critical to achieve rapid emptying of the reservoir to avoid
transient effects on actuation forces caused by peristaltic
motion in the intestine. Given the supplementary actuation
force beyond that required to compress the reservoir structure,
the excess actuation force is expected to transfer pressure to
the fluid inside the reservoir. Such pressure-induced flow can
be modeled using the Hagen—Poiseuille equation, which
describes the relationship between the pressure difference
(AP) between the interior and exterior of the injector and the
volumetric flow rate that regulates emptying time (Figure 3c).
To the first order, this pressure depends on the force applied
by the actuator and the area of the base of the injector, and it is

36423

responsible for creating the pressure difference that prompts
flow. As the designed injector loading volume is 8.6 uL, and a
suitable emptying time is ~1 s, a minimum desirable
volumetric flow rate is approximately 10 uL-s™' as denoted
by the purple line in Figure 3c. The actuator applies up to 250
mN supplementary pressure; thus, the actuator could apply up
to ~111 kPa to the 2.25 mm?” base area. Critically, Figure 3c
shows that rapid injection is achievable even at low channel
diameters and pressures, e.g.,, 60 ym and 25 kPa, respectively.
A channel diameter of 200 m was chosen to ensure success of
rapid delivery, wherein pressures of <25 kPa are expected to
achieve successful injection. Notably, the backpressure in the
intestinal tissue will inevitably result in a lower effective
pressure differential; thus, the true injector pressure required
for effective injection will likely be slightly higher than
calculations performed here suggested. Nevertheless, this
rapid and convective injection is expected to improve device
reliability by mitigating misalignment caused by postactuation
capsule movement. Moreover, the convective flow is expected
to generate potential improvements to absorption by
augmenting diffusion of drug molecules and vehicles toward
absorptive tissues. Variation of channel geometry is expected to
change the flow velocity and possibly the magnitude of this
effect. Further analysis of these effects on transport in
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Figure 4. Injector structure and loading efficiency. (a) Scanning electron micrograph of the flexible injector highlighting the (a(i)) full injector and
associated morphological structure, (a(ii)) conical microneedles, (a(iii)) surface of the microneedles, and (a(iv)) sharp tip of the microneedles
achieved by the DLW process. (b) Scanning electron micrographs of the rigid injector highlighting the (b(i)) full injector and associated
morphological structure and (b(ii)) barbed microneedles with the (b(iii)) hollow channel and sharp tip to control penetration and delivery rate.
(c) Loading process of the injectors composed of (c(i)) submerging the injector in drug fluid, (c(ii)) evacuating the air using ~95% vacuum, and
(c(iii)) pressurization to load the drug into the injector. (d) The phase diagram of water shows the limitation of loading efficiency restricted by the
vaporization of water in vacuum. (e) Before and after loading of the model drug into the rigid and flexible injectors. (f) The loading volume of the
(f(i)) rigid injector and (f(ii)) flexible injector. Error bars represent standard deviation.

biological structures could unveil a new approach to control
and improve drug absorption in the GI tract.
Computational Assessment of Rigid Injectors. While
rapid injection is useful for enhanced reliability and
bioavailability, targeted treatment of local disease sites can
benefit from prolonged localized drug release, facilitating
sustained treatment for more effective remediation of the
disease. Injectors that rely predominantly on diffusion for drug
release offer another modality of delivery that permits control
of the delivery lifetime. Therefore, the developed diffusional
injection technology is composed of a rigid reservoir and
microneedles with three hollow channels for the regulation of
drug release. The channel geometry can be used to adjust the
rate of diffusion from within the injectors, where longer
needles with smaller channel diameters are expected to restrict
diffusion, leading to longer delivery lifetimes. To evaluate this
effect, diffusion through various channel geometries was
evaluated by using COMSOL Multiphysics software. A body
of high concentration, representing the injector reservoir, was
connected to an infinite low-concentration body, representing
the intestinal tissue, via diffusion channels, and concentration
inside the reservoir was computed throughout time (Figure
3d). The diffusion coefficient of a common corticosteroid for
GI disease treatment, prednisone (D = 0.728 X 10~° m* s7'),
was used as a representation of typical drug diffusion
coefficients.”® Channel diameters of 20 to 100 wm with
channel lengths of 250 ym, 500 um, and 750 pm were

evaluated. For the purposes of comparison of the delivery
lifetime, the delivery half-life was calculated from each data set.
Figure 3e shows the resultant half-lives of various channel
geometries. As anticipated, the larger channel diameters with
shorter length resulted in more rapid delivery. Moreover, the
number of needles could be used as another parameter to fine-
tune the release rate of the drug from the injector. This model
serves as a guide for design of injectors with targeted delivery
lifetime for any drug species with a known diffusion coefhicient.

Structural Properties of Injectors. The morphological
properties of the injector are enabled by the hybrid fabrication
approach and play a key role in the injector performance.
Injectors were inspected via scanning electron microscopy to
understand the interface robustness and structural features.
Figure 4a(i) shows the flexible injector body and the attached
conical hollow microneedles. The micrograph highlights the
stair-like structure resulting from the 50 pm layer-by-layer VPP
fabrication approach. This fabrication approach affords the
ability to straightforwardly increase the size of the injector
body to increase loading capacity with little addition to print
time. The robust interface created by the 50 pym DLW
interface overlap between the injector body and microneedles
can be seen. Figure 4a(ii)—(iv) shows the rigid conical
microneedles and resultant surface morphology using the
DLW process. The ~1 ym needle tip size and smooth surface
enables effective penetration of the intestinal tissues with low
required force while mitigating tissue damage. These proper-
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Figure S. Evaluation of the flexible and rigid injectors. (a) Compression of the injector reservoir demonstrates material compliance without rupture.
(b) The effective flow rate through flexible injectors for various channel sizes. (c—e) Images showing the back side of the diffusion array used to
evaluate the rate of diffusion throughout 434 h. (f) The calibration curve used to assess the concentration inside the diffusion wells throughout due
release. (g) Diffusion profiles from various injection channel diameters (n = 3). (h) Estimated diffusion half-life determined from diffusion data for
500 um channel length. (i) Evaluation of the flexible injector by comparison with standard dissolving microneedles. The flexible injector shows
both more rapid delivery time and improved convective transport compared to the dissolving needles.

ties, coupled with the tailored rigidity of the injector, enable
the flexible injector microneedles to insert into the intestinal
tissue before injector compression commences.

Figure 4b shows the rigid injector body with attached barbed
microneedles. The rigid injector mirrors the stair-like surface
and robust interface adhesion seen on the flexible injector.
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However, while the flexible injector utilizes rapid injection, the
rigid injector is left behind in the intestinal tissue and thus
must remain anchored to diffusively release the drug over time.
Biomimetic anchoring barbs first presented in our lab by Liu et
al. are utilized to enforce robust anchoring in intestinal
tissue.”* > The anchoring microneedles that mimic a spiny-
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headed worm proboscis, a parasite that anchors in intestinal
tissue, have demonstrated a high pull-out to penetration force
ratio (PPR) of over 100. The blend of meso-to-micro scale
features enabled by the hybrid approach facilitated such
intricate strategies to enhance device performance. Moreover,
the approach is amenable to rapid prototyping and design
modification to enable additional functions such as directional
release or features to mitigate tissue entrance in the needles.

Loading of Microneedle Injectors. The injectors are
loaded using a vacuum loading process, as detailed in Figure
4c. The injectors are placed in the drug fluid, then air is
evacuated from the reservoir by vacuum, followed by
pressurization to force the drug fluid to enter the reservoir
through the channels in the injector. Commonly, drugs are
dissolved or suspended in water, which limits the ability of the
solution to endure high or ultrahigh vacuum due to the
vaporization pressure of the water solvent. Given the phase
diagram of water (Figure 4d), the maximum achievable loading
efficiency is expected to be approximately 97%. Due to the
small channel and reservoir sizes, a notable characteristic of the
injectors is their ability to retain the liquid in the injector
before delivery via surface forces. This retention allows for
transport and use without inadvertent drug loss. Moreover, the
vacuum loading process is well-suited for large-scale
manufacturing as vacuum processing is widely used across a
variety of manufacturing industries. The loading efficiencies of
both rigid and flexible injectors were characterized using dye
release spectrophotometry experiments. The injectors before
and after loading of 0.1% w/v FD&C Blue #1 dye solution are
shown in Figure 4e. After loading, ultrasonically assisted
release of the dye into a known volume of DI water was
performed, and spectrophotometry was used to determine the
final solution concentration. Using the initial concentration,
final concentration, and final volume, the initial volume inside
the reservoir was determined (n = 6) for each injector type.
Figure 4f(i) shows the loading volume of the flexible injector
(5.93 + 0.13 uL), and Figure 4£(ii) shows the loading volume
of the rigid injector (8.74 + 0.43 uL).

The flexible injector loading volume was 31.4% lower than
the design volume, and the rigid injector loading volume was
8.6% lower than the design volume. The deviation can be
attributed to three error sources of varying degrees. First, the
loading volume will be reduced due to the inability to achieve
ultrahigh vacuum during the loading process. Second,
dimensional inaccuracies are expected due to the slight
shrinkage of photopolymers during the curing process. Finally,
in the case of the flexible reservoir, the compliance of the
reservoir body allows it to deform slightly when perturbed,
possibly reducing the capacity. While the microliter volumes
demonstrated here are expected to be effective for localized
delivery of many drugs, the variable loading volume using this
approach is a distinct advantage of this hybrid approach,
supporting tailoring of the loading volume by changing
reservoir geometry. The demonstrated loading process
assumes that the drug constituents can undergo partial
vacuum; however, there may be cases where sensitive
constituents may not support vacuum loading. In this case,
an alternative approach to introducing drugs into the reservoir
can be used. One option is the use of vacuum preloading of the
solvent, followed by diffusional loading of the drugs when
submerged in a drug solution. Moreover, the use of
constituents that are stable in water is important with this
approach. Powder loading of the reservoirs is an alternate

method for drugs that are unstable in water; however, the
effectiveness of release control using the injectors with
powdered drugs has yet to be evaluated.

Rapid Delivery via the Flexible Injector. A key
characteristic to ensure proper operation of the flexible injector
is the injection rate. In theoretical models, the injector showed
the capacity to inject rapidly with channel diameters as small as
60 um and pressures as low as 25 kPa. The flexible injector was
evaluated using a simulated injection array to understand the
injection rate for a variety of channel sizes at 35 kPa. Laser-
drilled channels in 750 pm thick 304 stainless steel injection
arrays were used to evaluate channel flow. The channel array
was attached to a custom 3D-printed array flow array to
facilitate the attachment of pressurized water to the channels. A
35 kPa water pressure source was attached to the array, and the
volumetric flow rate through each channel size was evaluated.
The effective flow rate was calculated as shown in Calculation
S3 to account for the flow resistance in the test apparatus.
Figure Sb shows the effective flow rate for various channel
diameters (n = 3). Flow rate followed a consistent trend,
increasing with larger channel size, as shown in Figure Sb.
When compared to the prior injector flow models, comparable
flow rates were achieved at smaller channel diameters;
however, larger channels exhibited slower flow than predicted
by the model. The reason for this could arise from systematic
errors like flow inefficiencies or insufficient correction for test
apparatus flow resistance. Nevertheless, the flow rates
achievable here demonstrate the clear feasibility of rapidly
injecting in under 1 s. As the reservoir volume is ~6 uL, flow
rates of 10 uL-s™" will readily achieve rapid injection. Channel
diameters of 40 ym and above showed the capacity to achieve
this goal under the 35 kPa applied pressure.

To assess the ability of the fabricated injector to inject into a
simulated environment and evaluate the convective flow
postinjection, dye was injected into a DI water bath using a
custom test apparatus. Force was applied to the back side of
the injector by using a 30.5 g mass to approximate a 300 mN
actuator force achieved in prior actuation capsules. Figure Si
shows the injection of the dye solution into the water at
various time points. A traditional dissolving microneedle array
is used as a comparison to benchmark both the delivery rate
and postinjection transport in the simulated environment. The
injector delivers the full payload within approximately 1 s after
the weight is placed on the back of the injector, achieving the
targeted delivery time frame to mitigate failures resulting from
motion in the intestinal tract. In the following 13 s, the model
drug fluid transports through the water until reaching the edge
of the container, then begins to spread laterally. When
compared to the dissolving microneedles, the injector prompts
significantly faster injection with enhanced transport. The
dissolving microneedles appear stagnant and release over >$
days, necessitating a form of anchoring in the intestinal tissue.
Further demonstration of model drug delivery from the capsule
actuator can be seen in Figure S7, where the device was
deployed in ex vivo intestinal tissue. Evidenced by the rapid
injection in both cases, the flexible injector obviates the need
for anchoring, moreover, enhancing transport in the intestinal
tissue and potentially enabling greater absorption of drugs in
the tissue.

Prolonged Delivery via Diffusional Injection. To
evaluate the diffusion rate through various channel sizes, a
custom test apparatus was created to recapitulate the diffusion
conditions from the rigid injector. The test apparatus is
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composed of an array of trichannel diffusion wells and enables
repeated analysis across a variety of channel sizes between 20
and 500 um in diameter as shown in Figure S8. The diffusion
arrays are created by first laser-drilling the channels into a 750
pum 304 stainless steel plate, then mounting the plate on
custom-fabricated 3D-printed diffusion wells created to
replicate the drug reservoir. Diffusion arrays are vacuum
loaded with a dye solution and placed in a water bath starting
at t = 0. The dye concentration inside the diffusion well was
determined via the relative color intensity inside the diffusion
well, as defined in Calculation S1.

Figure Sf shows the calibration used to correlate the relative
color intensity to the concentration in the reservoir (n = 3).
Figure Sc—e shows the diffusion wells throughout the process
of dye release into the surrounding water. From top to bottom
of the image, the diffusion channels enlarge, as evidenced by
the faster release of dye from the lower channels. The profiles
of dye release through the channels of varying channel
diameter are represented in Figure Sg (n = 3). Figure Sh
presents the half-life of diffusion from within channels of
varying diameter. Notably, the diffusion rate through channels
of 10 and 20 um exhibited uncharacteristic diffusion rates due
to defects in the diffusion wells. These channel sizes are very
small and require very long diffusion time frames, meaning that
they may be less useful in practice than the larger channel sizes.
The 40 um diameter diffusion channel set showed an
estimated half-life of 672 h, an approximate 4 week time
frame until half of the dye was released. Larger channel
diameters of 200 and 500 um showed release half-lives of 78
and 10 h, respectively. The diffusion of the model drug from
the injector into water is further evaluated in Figure S6,
corroborating the results obtained using the diffusional test
apparatus. The channel sizes demonstrated here show the
effectiveness of the channel sizes for controlling diffusion rates
from these injectors in a simulated system. When comparing
the data acquired for 80 ym channels through simulation to
the diffusion half-lives demonstrated here, the benchtop
diffusion resulted in 2.83X slower diffusion. This difference
can be partly attributed to the difference in diffusion coefficient
between prednisone (D = 0.728 X 10~° m*s™"!) and the FD&C
Blue #1 (D = 5.1 X 107 m*s™") in water, balanced by the
potential for convective currents to accelerate transport in the
benchtop case.”” The in vivo drug release rates are expected to
deviate from the performed benchtop experiments given the
difference in the diffusional and convective environment.
Investigation of the comparative delivery rate in future in vivo
evaluations is expected to provide a basis for calibrating
benchtop data. Nevertheless, the controlled benchtop experi-
ments will provide a framework to interpret changes in delivery
rates based on the GI environment and diffusion coefficient of
the species to be delivered.

The diffusional mode of delivery is an appealing approach
because it allows controlled delivery profiles but also offers
future potential for enhanced control methods. For example,
the use of dynamic channel geometries with dissolving or
swelling materials could allow sustained delivery with a linear
release profile, and the use of external perturbants, such as
ultrasound, could allow on-command release at times of need.
Overall, the long-term performance of the rigid injector could
be transformative for the delivery of corticosteroid drugs like
budesonide or immune modulating agents like azathioprine
that are commonly delivered as a daily oral dose and can cause
significant side effects.”® The sustained localized dosing from

the rapid injector could significantly improve the treatment
efficacy while reducing side effects.

While the technology has shown the ability to directly
control the rate of drug release for prolonged delivery, a key
challenge is achieving temporary device retention for the full
duration of drug delivery. The anchoring barbs effectively
attach to the intestinal tissue as reported previously; however,
attachment to the intestinal epithelium is expected to last only
approximately 3—7 days due to the cellular turnover and
shedding. Needles designed to reach the lamina propria and
muscularis are expected to permit longer residency times,
depending also on the extent of immune response.”” " In the
small intestine, these physiological structures exist at varying
depths in the tissue. For example, the epithelium resides at the
surface of the tissue and is only ~10 ym deep, while the lamina
propria sits behind the epithelium with a depth of 200—500
um.*>% To target attachment to these structures, needles can
be deliberately designed with lengths that reach the target
tissue type. Moreover, this depth-tailoring approach nicely
complements the relationship between the diffusion channel
length and delivery half-life, where longer channels are well-
suited for prolonged drug delivery. Following release from the
intestinal tissue, the injectors are expected to be expelled from
the body following passage through the large intestine within
12—72 h.°* Future research in vivo will address this question
by evaluating the relationship between the microneedle length
and residency time. The biocompatibility of the injectors will
play a large role in residency time and safety, as the foreign
body immune response would likely prompt quicker expulsion
of the injector from the body. However, the materials used for
injector fabrication, including the reservoirs and needles, are all
ISO 10993-S biocompatible. Importantly, prior research
evaluated the biocompatibility of the IP-Q material used to
fabricate the needles, concluding no statistically significant
impact on cell viability.65 Moreover, prior experiments using
the biomimetic barbed microneedles and other larger micro-
needles have been performed on porcine intestinal tissue
without inducing significant tissue damage or perfora-
tion.”**#35°%” ‘While the GI tract is a highly resilient
environment and not expected to experience lasting damage
from the microscale needles, the future investigation of the
impacts of needle properties on residency time will yield
insights into the immune response and tissue adaptation
during residency.

Versatility of Delivery Species. The work here
demonstrates the operation of the injectors with molecular
constituents dissolved in water; however, certain drug types
and applications require varied formulations to achieve
therapeutic efficacy. The size, hydrophobicity, and solvent
type required for each drug type will play a large role in
determining the usefulness of each injector. The most critical
parameter that determines injector suitability is the diffusion
coeflicient. Most water-soluble drug species will be compatible
with the rigid injector because they can be dissolved in
molecular form in water. Due to the molecular nature, the size
and diffusion coeflicient of these species are generally high
(>107'° m*s™') compared to nanomaterials like liposomes,
lipid nanoparticles, and polymeric nanoparticles that often
have diffusion coefficients <107 m?s.°° Low diffusion
rates may necessitate the use of the flexible injector, as the
diffusional injector may not permit drug release in a suitable
time frame. Figure S3 shows a computational assessment of
diffusion of polymeric nanoparticles (D = 3 X 1072 m*s™")

https://doi.org/10.1021/acsami.5c05183
ACS Appl. Mater. Interfaces 2025, 17, 36420—36432


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c05183/suppl_file/am5c05183_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c05183/suppl_file/am5c05183_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c05183/suppl_file/am5c05183_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c05183/suppl_file/am5c05183_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c05183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

from the rigid injector. Due to the low diffusion coefficient,
injectors with the largest channels of @ = 500 ym with a 250
pm length exhibited a high half-life of ~30 days. This extended
diffusion, coupled with potential issues of nanomaterial
agglomeration, highlights the usefulness of the flexible injector
for this application.

Other applications of drug delivery may require the use of
solvents other than water. In some cases, lipophilic drugs are
dissolved in organic oils or in suspensions. These cases will
reduce or eliminate the usefulness of diffusion, requiring a
flexible injector. Finally, the use of injectors for ethanol
ablation of fistulae is another promising use case in which the
use of flexible or rigid injectors may provide distinct efficacy
advantages. The viscosity of these different fluids will play a
role in the performance of both the flexible and rigid injectors.
Higher viscosity fluids will cause slower loading and pumping
of the flexible injector and slower diffusion from the rigid
injector. However, these modifications are expected to be
predictable and not hinder the ability of the device to perform
effectively in the GI environment. In fact, higher viscosity
liquids will have the benefit of being more resilient to
inadvertent leakage of the drug from the injectors. Future in
vitro and in vivo evaluations of therapeutic delivery from the
injectors will yield insight into the performance in combination
with each constituent type. Overall, the versatility of design,
scale, and performance achievable using flexible and rigid
injectors unlocks a wealth of opportunities for exploration of

drug types and delivery approaches.

B CONCLUSION

This work demonstrates development of a drug delivery
technology for local drug injection in the GI tract that enables
an unprecedented level of control over the delivery half-life.
The injection technology is composed of two key elements: an
LCD-printed body with variable material properties to control
compression and a microneedle array fabricated using a
versatile DLW approach to leverage microneedle geometry for
control of injection rate and location. This work demonstrates
both a rigid injector that relies on diffusion for prolonged
delivery and a flexible injector that delivers rapidly. FEM
modeling and benchtop evaluation showed loading volumes of
>S5 uL and injection half-lives between 4 s and 118 days,
providing excellent versatility. Moreover, the system is a
demonstration of the capacity of hybrid fabrication approaches
to solve challenges of multiscale construction. Overall, the
injection system paired with previously developed ingestible
capsule technologies would enable enhanced control over
localized drug delivery in the GI tract.

B EXPERIMENTAL METHODS

3D Printing of Rigid and Flexible Reservoirs. Injector
reservoirs were designed using Autodesk Fusion 360 (San Francisco,
CA, USA). The rigid reservoir has an outer diameter of 3 mm, a 200
pum wall thickness, and three 400 ym holes at a radial distance of 600
um and separated 120° radially from the center on the reservoir top
surface for drug passage. A custom base was designed to insert into
the Nanoscribe Photonic Professional GT+ sample holder. The base
consists of a 25 X 25 X 2 mm plate, and the reservoirs are designed on
2 mm tall pedestals attaching to the plate in a 3 X 3 reservoir array
spaced by 4 mm on the center. Stereolithography files were sliced by
using the CHITUBOX slicer program (Shenzen, CN). Reservoirs are
fabricated via liquid-crystal display (LCD) vat photopolymerization
(VPP) 3D printing using the Phrozen Sonic Mini 8K 3D printer
(Hsinchu City, Taiwan). To fabricate rigid reservoirs, FormLabs

Surgical Guide v2 biocompatible (ISO 10993-S and 10993-10
compliant) photoresin is used with a 50 ym layer thickness and 3.5
s of layer exposure time. To fabricate flexible injectors, 3Dresyns
Bioflex ASO MB biocompatible flexible resin (ASO hardness; ISO
10993-5 compliant) with a SO ym layer height and 7 s layer exposure
time is used. Following removal from the printer build plate, parts are
cleaned via an ultrasonic isopropanol bath for 5 min, then repeating 3
times. Reservoirs are then posted in the Phrozen UV Cure Station for
4S min.

Direct Laser Writing of Attached Microneedles. Hollow
microneedles are printed directly on the reservoirs using the
Nanoscribe Photonic Professional GT+ (Karlsruhe, DE) with the
10X LE Print Set as previously described by Sarker et al.”’
Microneedles were designed using Autodesk Fusion 360. Barbed
microneedles for the rigid injector have a wall thickness of 15 ym, a
height of 750 yim, and 24 anchoring barbs with a 13 yim base diameter
and 20 pm length. Conical hollow microneedles for the flexible
injector have a channel size of 200 ym with a 750 gm height and 600
pm base diameter. Stereolithography files for the microneedle designs
were sliced using the DeScribe software with a 3 um slicing distance,
50 mW laser power, and 100,000 ym-s~" scan speed. Nanoscribe IP-Q_
photoresin was first vacuum loaded into the injector reservoir, and
then a drop of the IP-Q was placed on top of the reservoir for
printing. The reservoir/IP-Q interface was found manually, and the
print was started 50 yzm below the top surface of the injector to ensure
proper adhesion. Following printing, the injector array was developed
using a 2 h propylene glycol methyl ether acetate (PGMEA) bath
cycled through vacuum to ensure fluid exchange between the interior
and exterior of the reservoir. Injectors were dried and detached from
their pedestals before loading.

Loading of Model Drugs. Drugs are loaded into the injector
using the vacuum loading process shown in Figure 4c. Injectors are
first submerged in the model drug solution, a 0.1% w/v solution of
FD&C Blue #1 dye. The submerged injectors are placed in a vacuum
chamber and brought from atmospheric pressure to ~0.05 atm at a
rate of ~0.05 atm/min. After evacuation of air from the reservoirs, the
chamber is returned to atmospheric pressure at ~0.05 atm/min.
Following the loading process, the injectors were applied to the
previously demonstrated actuator capsule using the process shown in
Figure $4.

The loading volume of the injectors was evaluated by evaluating
solution concentration after simulated delivery. Following loading of
the FD&C Blue #1, individual rigid (n = 6) and flexible (n = 6)
reservoirs were placed in tubes of 10 mL DI water. Tubes underwent
ultrasonic exposure for 1 h using the Branson M1800 ultrasonic bath
(Brookfield, CT, USA) to promote rapid transport of the dye from
inside the reservoirs. Once dissolved in the 10 mL solution, a sample
of the solution was evaluated using the Molecular Devices SpectraMax
Plus 384 Spectrophotometer (San Jose, CA, USA) to obtain the
absorbance. The absorbance was correlated to a predetermined
calibration curve (Figure SS) for FD&C Blue #1 dye to obtain the
final concentration. With the known final volume, final concentration,
and initial concentration, the initial drug volume inside the reservoir
was calculated.

Modeling of Injector Diffusion. Diffusion from injectors was
modeled in COMSOL Multiphysics 5.4 (Burlington, MA, USA) using
the diffusion of dilute species module. A cylindrical domain (@ = 2.4
mm and height = 2 mm) was arranged with three cylindrical channels
of variable diameter and length leading to a reservoir. The
concentration inside the reservoir was measured throughout time
for a variety of channel lengths and diameters of 250—750 and 20—
100 pum, respectively. The diffusion coefficient of prednisone (D =
0.728 x 10~° m*s™!) in water, a common corticosteroid for GI
treatment, was used as a representation of dissolved drug species.
Additional evaluation of diffusion of larger species, such as drug
nanocarriers, was approximated with D = 3 X 1072 m?s7.% The
diffusion half-life was determined as described in Calculation S2.

Modeling of Injector Compression. Compression of the flexible
injector was assessed using the COMSOL Multiphysics 5.4
(Burlington, MA, USA) structural mechanics module. The flexible
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reservoir geometry was imported from the Fusion 360 design file, and
a fixed constraint was applied to the bottom surface of the injector.
Force was applied to the top surface and displacement was measured.
Structural constants were derived from the manufacturer-stated
mechanical properties of the 3Dresyns Bioflex AS0 MB Resin. The
Young’s modulus was calculated from the ASO hardness and
established a relationship between Shore A hardness and modulus.”
MATLAB was used to assess flow from inside the injector at various
diameters and pressure differences using the Hagen—Poiseuille
equation (Calculation S3). The dynamic viscosity of water at 25 °C
(8.9 X 107* Pa's) and a channel length of 750 ym were used.”’

Injector Microscopy. Injectors were imaged using a Fischer
Scientific Phenom XL scanning electron microscope (SEM). Samples
were mounted to a specimen by using adhesive carbon tape. Low-
vacuum scanning electron microscopy (LV-SEM) at 60 Pa with an
acceleration voltage of 10 kV was used to mitigate the charging of the
polymeric surfaces on the injector.

Fabrication of Diffusion Evaluation Apparatus. A custom-
designed apparatus was fabricated to perform large-scale analysis of
simulated diffusion from reservoirs. An array of square diffusion wells
with a size of 3 X 3 mm and 1 mm spacing was fabricated via LCD 3D
printing using the Phrozen Sonic Mini 8K with FormLabs Surgical
Guide v2 resin with a layer height of S0 ym and a cure time of 3.5 s
followed by the same cleaning and postcuring process used for the
injector reservoirs. Laser-drilled 304 stainless steel diffusion plates
were purchased from JEM Lasers (Milpitas, CA, USA) in arrange-
ments parallel to the patterns of rigid and flexible injector needle
spacing and geometry. For each three-channel set, the channels are
separated 120° radially at a distance of 600 ym from the center. The
diffusion plates have a 12 X 12 array of channel sets separated by 4
mm on the center to align with the well array. Well arrays were sealed
on one side by placement of the array in a Petri dish filled to a 200 ym
layer of FormLabs Surgical Guide V2 photoresin and then UV-cured
for 45 min. Diffusion plates were then adhered to the well array using
FormLabs Surgical Guide V2 photoresin and UV-cured for an
additional 45 min.

Evaluation of Diffusional Injection. FD&C Blue #1 dye
dissolved in DI water was loaded into the reservoir array using the
vacuum loading process presented in Figure 3c. Imaged color
intensity was used to quantify the dye concentration in the wells
throughout time. A calibration curve was established to understand
the relationship between the relative blue intensity and dye
concentrations between 0.001 and 0.1% w/v. Following calibration,
a ~0.02% w/v dye solution was loaded into the diffusion array and the
array was placed in a water bath. Diffusion was tracked via imaging of
the array backside, using the calibration equation to determine the
concentration in each cell and time point (n = 3).

Assessment of Forced Injection. The forced injection of drug
solution was evaluated using laser-drilled 304 stainless steel plates and
via injection into a fluid bath. 304 stainless steel plates with a
thickness of 750 ym were purchased from JEM Lasers (Milpitas, CA,
USA). Plates contain laser-drilled channels with diameters of 10—500
um arranged in 2 X 2 arrays comparable to the arrangement of
needles on the flexible injector with 750 pm x—y spacing. The arrays
are arranged in a 12 X 12 pattern with 4 mm interspacing on the
center. A 3D-printed array of 3 X 3 mm large flow channels are
attached to the flow plate to allow connection of a pressurized water
line. The flow rate through each channel diameter was measured (n =
3) by determining the time required to fill a specified volume at 35
kPa. The volumetric flow rate was corrected for the internal flow
resistance of the water supply, and the rates were compared for
channels of varying diameter (Calculation S3).

Flexible injectors were tested by injection of FD&C Blue #1 dye
solution into a water bath and compared to dissolving microneedles.
A square hole (1 mm X 1 mm) was created in a 254 ym polyethylene
terephthalate (PET) film as a support to enable compression and
visualization of injection from the injector. The PET film was
thermally bonded to a @ = 100 mm Petri dish and filled with DI
water. The injector was placed on the square hole in the PET film and
a 30.5 g mass was applied to the back of the reservoir to approximate

an ingestible actuator force. Injection of FD&C Blue #1 was filmed
during compression. Placement of dissolving poly(vinyl alcohol)
(PVA) microneedles in the square hole was used to compare
performance to current molded microneedle technologies. PVA
microneedles were fabricated by solution casting of dye-embedded
PVA solution as presented by Levy et al.%’
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