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3D Printing of Reservoir Devices for Oral
Drug Delivery: FromConcept to

Functionality through

Design Improvement

for Enhanced Mucoadhesion

Lukas Vaut,* Julia ]. Juszczyk, Khorshid Kamguyan, Kristian E. Jensen, Guido Tosello, and Anja Boisen*

ABSTRACT: So far, microdevices for oral drug delivery have been
fabricated as square or cylindrical reservoir strdcturith a
localized and unidirectional release. The fabrication is usually carried
out using sophisticated and costly microfabrication techniques.
Hete, 3D printing of microreservoirs on sactificial substrates is
presented. This approach allows the devices to be accurately
arranged in predetermined patterns, enabling implemen-tation into
batch production schemes in which the fabrication of thedevices is
linked to processing steps such as automated drug loading and
sealing. Moreover, design and 3D printing of alternative geometries
of minireservoirs featuring anchor-like surface structures for
improved mucoadhesion and intestinal retention is demon- strated.
Surface texturing of minireservoirs increases mucoadhesion

of the devices up to two-fold compared to a nonstructured control.
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The structuring also leads to a strong bias in mucoadhesion in

different otientations, which can facilitate a cotrect otientation of the devices and thus lead to unidirectional release of drugs toward

the intestinal mucosa for increased drug uptake.

KEYWORDS: micro additive manufacturing, oral drug delivery, microdevices, microcontainers, minireservoirs, mucoadhesion

Engineered microfabricated oral drug delivery (ODD) devices
have emerged as an alternative strategy for increasing
bioavailability.!* Since oral delivery is the preferred. route of
drug administration, much reseatch-effort has gone into the
translation of parenteral administered dosage forms to orally
administered dosage forms of drugs.’ This translation often
faces difficulties, because many drugs exhibit poor bioavail-
ability when administeted orally, as the complex physiological
environment of the gastro-intestinal tract causes degradation
(gastric acid, digestive enzymes), prevention of absorption
(mucus layer, epithelial bartier), and rapid clearance (mucus
secretion, gastro-intestinal transit). To protect and transport
drugs as well as to retain drugs close to their target site and
promote absorption, various drug delivery technologies have
been developed and investigated. Next to specialized coatings
are particulate drug delivery systems relying on self-assembly of
molecules and polymers, such as liposomes, nano/micro-
particles, etc. Microfabrication of ODD devices holds great
potential for producing uniform devices with distinct
motphologies, due to the involved top-down engineering
process.

Initially, Ahmed and co-workers designed and fabricated
mictodevices for ODD as square, flat, and patch-like structutes
with a reservoir into which a drug can be filled.! In contrast to

particulate systems, microfabricated devices represent universal
delivery platforms with the potential for a localized unidirec-
tional release of the drug from the reservoir toward the target
site.! Furthermore, this effect can be promoted by specific
chemical sutface modification of the devices.! On the basis of
this concept, different fabrication protocols and materials have
been demonstrated and the suitability of the devices for ODD
was highlighted, e.g., through the fabrication and drug-filling of
multilayered poly(methyl methacrylate), epoxy-based SUS8, and
biodegradable poly(DL-lactide-co-glycolide) microdevi- ces.*
With respect to fabrication, the concept was furtherexpanded
by the fabrication of biodegradable cylindrical microcontainers
using hot punching, cylindrical SU8 micro- containers with
pH-sensitive lids made with photolithography, and capped
microreservoir devices made by StampEd Assembly of
polymer Layers (SEAL).>~7 In vitro as well as
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in vivo release studies have shown promising results for the
drug delivery performance of microfabricated devices.®%

Although Ahmed et al. and Chirra et al. demonstrated an
increased association of lectin-functionalized microdevices with
epithelial cells and enhanced intestinal retention in mice,
respectively, the unidirectional release of the drug toward the
target site was not facilitated or proven in the hitherto referred
cases.!!! Furthermore, the employed fabrication techniques
require elaborated lab conditions (e.g., clean room facilities)
and are costly. 3D printing, on the contrary, is cheaper and
generally considered to be a good tool for rapid prototyping,
owing to a tool-free wotkflow and few design constraints. The
production of prototypes with conventional technologies used
for large scale production is often unfeasible as it is too
expensive.'? 3D printing enables the customization of products
as exemplified with the use of fused-deposition modeling
(FDM) for personalized 3D printed dosage forms in the
context of point-of-care medication.'!* While print resolution
limits FDM fabrication capabilities to the macroscale, vat
photopolymerization-based 3D printing techniques, such as
stereolithography (SL) or digital light processing (DLP)
techniques, rely on operation principles that are very similar
to those of photolithography.!> These techniques can thus
produce mesoscale down to microscale components, making
them suitable for prototyping of microdevices for ODD as
lately demonstrated in a feasibility study making use of micro-
SL.'¢ Although the latter mentioned study could showcase the
use of micro-SL for the fabrication of different microresetvoit
devices for ODD, it also disclosed several weaknesses of the
process. Those being a flawed cleaning protocol for -the
removal of uncured photopolymer from the fabricated devices,
the inability to obtain predetermined patterns of, micto-
reservoir devices that are separable, and the use of costly
machinery exhibiting a free surface configuration and having a
low throughput. Nevertheless, 3D printing potentially offers
much flexibility and sufficient throughput for fabrication of
microfabricated ODD devices, enabling research and develop-
ment of optimal shape and function.

In this work, we demonstrate the usage of a desktop DLP
3D printing system with a spatial resolution (i.e., voxel size) of
30 ym and a constrained sutface configuration“to 3D print
microreservoir devices for ODD in dimensions close to SU8
microcontainers fabricated previously.” Moreover, the utiliza-
tion of a recently ‘developed 3D printing method potentially
enables full integration into production schemes that combine
device fabrication with further processing steps, such as drug-
loading and sealing.!” To showcase the prototyping potential
of 3D printing for ODD devices, we present the 3D printing
and characterization of miniaturized reservoir structures
(minitresetrvoirs) with different geometties designed to promote
unidirectional release with controlled orientation and
intestinal retention.

2. MATERIALS AND METHODS

2.1. Materials. All chemicals and reagents were used as-received.
For the fabrication of sacrificial substrates from poly(vinyl alcohol)
(PVA), RS Pro PVA 3D printing filament (RS Components A/S,
Denmark) was used. HTM 140 M V2 3D printing photopolymer
(EnvisionTEC GmbH, Germany) was used to 3D print reservoir
structures. 2-Propanol (Sigma-Aldrich Denmark A/S, Denmark) was
used for the post-treatment of 3D printed structures and Dulbecco’s
phosphate buffered saline (Sigma-Aldrich Denmark A/S, Denmark)

was used in the flow retention mucoadhesion tests.

2.2. Computer Aided Design (CAD). All design tasks were
carried out using OpenSCAD open source software and SolidWorks
2015 (Dassault Systeas SolidWorks Corporation, U.S.A.).

2.3. Fabrication of Sacrificial PVYA Substrates. The fabrication
of PVA substrates was performed as previously described.!”

2.4. 3D Printing of Reservoir Structures on Sacrificial PVA
Substrates. Reservoir structures were 3D printed on top of PVA
substrates as previously reported.!” After completion of the printing
procedure, the substrate along with printed structures was sonicated
in 2-propanol for 5 min to remove excess print material. After
evaporation of the solvent, UV-postcuring was performed for 10 min.

2.5. Release of 3D Prints from PVA Substrates. The PVA
substrate along with printed structures was placed in a small sieve
made from stainless steel filter mesh and inserted into a Milli-Q water-
filled beaker at a temperature of 55 °C with magnetic stirring for a
mild release of the structures.

2.6. Scanning Electron Microscopy. All scanning electron
microscopy was performed using a TM3030Plus tabletop scanning
electron microscope (Hitachi High Technologies Europe GmbH,
Germany). A 208HR high resolution sputter coater (Cressington
Scientific Instruments, U.K.) equipped with a gold target was used to
coat the specimens with a thin layer of gold (~20 nm) prior to
observation.

2.7. Tensile Mucoadhesion Tests. Experiments were performed
using a TA.XTplus texture analyzer (Stable Micro Systems Ltd., U.K.)
equipped with a.500 g loadcell. The samples were fastened to the
probe holder with use of 3D printed probes and double-sided
adhesive facing downward and in the course of the experimentpressed
down into a segment of porcine intestinal tissue, which was placed
onto.a holder platform with the mucosal side facing upward. After a
contact time of 60 s and a contact force of 10g, according to intestinal
contraction forces, the probe was moved upward at a speed
of 0.01 mm s—1.18 The experiments were performed in a replicated
Latin squate design with 5 different locations on two different tissues
and the sequence of tested samples as blocking factors.

2.8. Flow Retention Mucoadhesion Tests. A flow retention setup
was constructed from 3D printed parts. A segment of porcine
intestinal tissue was placed on the slide with the mucosal side facing
upward. The slide was held at an angle of 30° relative to the horizontal
plane and connected to the tubing of a 120S/DV petistaltic pump
(Watson-Matlow Flexicon A/S, Denmark). To remove loose mucus,
the tissue was initially flushed with Dulbecco’s phosphate
buffered saline (PBS) at a flow rate of 40.9 mL min—! for 5 min. Ten
samples were placed on the tissue either facing upward or downward
without applying force and incubated on the tissue for 1 min. Flow of
PBS was started at a flow rate of 4.1 mL min~! and increased with an
interval of 2 min by 4.1 mL min~1. After each flow rate, the retained
devices were counted. The experiment was performed in a Latin
squate design with 5 different tissue segments and sequence of tested
devices as blocking factors for each orientation.

2.9. Simulations. Simulations were conducted using COMSOL
Multiphysics 5.4 (COMSOL AB, Sweden). 3D designs of
minireservoirs were imported and placed at the center of the wall
inside a cylinder with a diameter of 50 mm (according to average
human intestinal diameter) and a length of 100 mm.!” Laminar flow
conditions and physical properties of water were used for the
simulations. The sizing of mesh elements was selectively chosen to be
coarser for the tube and finer for the minireservoirs.

2.10. Statistics. All presented statistics were computed using R
programming language and RStudio software (RStudio Inc., U.S.A.)
as well as GraphPad Prism 7 (GraphPad Software, U.S.A.).

3. RESULTS AND DISCUSSION

3.1. 3D Printing of Microreservoirs on a Sacrificial
Substrate. Bulk fabrication on a substrate (e.g., silicon wafer)
is a common attribute of microdevices for ODD. Upon
production completion, the individual devices are released by
means of a sactificial layer (e.g., watet-soluble poly(actylic
acid) release layer) and harvested.” Moreover, in micro-
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Figure 1. Workflow implementation of 3D printing into the fabrication of drug-loaded polymetic microteservoirs. 3D printing of arrays of
micotesetvoirs on a sactificial polymer substrate using a specific 3D printing method enables the connection to futther array-based processing steps
that were previously demonstrated.!” For example drug loading via inkjet printing or shadow mask, subsequent sealing with, e.g., a pH-sensitive lid

via spray coating and finally release of single microresetvoirs from sacrificial substrate and their harvesting for application.16.9:20-22

fabrication, the wafer connects multiple processing steps by
preserving the patterning of structures throughout the entire
process. In vat photopolymerization-based 3D printing, the
structures are printed on a machine-specific build platform,
which is precisely leveled to the polymerization interface of the
vat. After the printing procedure has finished, the printed
structures are usually manually removed from the platform,
which is often facilitated with the use of hand tools. such as
pliers, scrapers, or razor blades. Finally, residual photopolymer
is removed with a solvent. This process is, in principle, suitable
for the fabrication of microdevices for ODD, however it
prevents the utilization of subsequent ptrocessing steps in
which the geometrical patterning of the devices is required.
Previously, several techniques relying on geometrical pattern-
ing for the processing of microdeviees.for ODD were teported,
for example the use of inkjet printing for drug loading, the
application of micromachined shadow masks for drugloading,
and lid sealing via spray coating.%?'~2* 3D printing micro-
devices with a likewise» 3D printed base layer, thereby
preserving the geometrical pattern. (as done in a previous
feasibility study'%), is not a suitable option, because it
irreversibly connects all devices to a whole and hence removes
the possibility to release them individually.

The use of prefabricated water-soluble poly(vinyl alcohol)
(PVA) substrates has recently been shown to enable the release
of disconnected microstructures. The substrates can beinserted
into a customized holder of a vat photopolymeriza- tion-based
3D printer and therein used as a 3D printing substrate.!”
Translating this method to the 3D printing of microreservoir
devices means that, similar to a wafer in microfabrication, the
PVA substrates preserve the geometrical patterning of
microreservoirs and thereby enable the connection of the
fabrication method to further processing steps (Figures 1 and
S1, Supporting Information, SI) such as drug loading and
sealing. Finally, after completion of all processing steps, the
substrate can be dissolved in water to release the individual
mictroresetvoirs, which can then be filledinto a capsule for oral
dosage.

Using the aforementioned 3D printing technique, defined
arrays of microreservoirs with different sizes and aspect-ratios

Figure 2). The printed microreservoirs had diameters of 570

Figure 2. Scanning electron microscopy images of differently sized 3D
printed microreservoirs. Scale bars are equivalent to 500 ym. (a)
Microreservoirs with dimensions of 570 X 660 pm? (diameter X
height) and a wall thickness of 150 ym on PVA substrate. (b)
Microreservoirs with dimensions of 650 X 350 Um?2 and a wall
thickness of 130 pm on PVA substrate. Top view, side view (') and
45° tilted view (). (c) Microreservoirs after release from sacrificial
PVA substrate on steel filter mesh. Top view of several specimens, top
view of single specimen (') and side view of single specimen ().

and 650 Uym with aspect-ratios of 1:1.16 and 1:0.54 (diametet/
height), respectively. The 3D printed microreservoirs had
characteristics similar to those of SU8 microcontainers and
remained intact after release from the sacrificial substrate.
The fabrication of cylindrical polymeric microreservoir
devices as per the outlined 3D printing process chain is
designed to be compatible with previously published
postprocessing methods, such as drug loading using inkjet
printing or shadow masks and sealing via spray coating.®20-22
Those methods were extensively described with respect to
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Figure 3. Design and fabrication of alternative reservoir geometries. (a, f) Plain reservoir structure as control specimen (“Control”). (b, g) Design
with large branching edge anchors (“TO1”). (c, h) Design with small branching edge anchors (“I'O2"). (d, i) Design featuring overhang and straight
anchor spikes (“Manual”). (e, j) Bioinspired phage-style design with straight anchor spikes, rounded bottom side and legs (“Phage”). (a—e)3D design

representations. (f—j) Scanning electron microscopy images of 3D printed structates. Scale bars correspond to 2 mm. Top view, side view () and

45° tilted view ().

their functionality, i.e., loading capacity and in vitrotelease, in
the respective publications and are not a subject-of this work.

3.2. 3D Printing of Minireservoirs with Enhanced
Mucoadhesion. One of the hypotheses telated to micro-
fabricated devices for ODD is that they facilitate a unidirec-
tional release of the drug from the reservoir toward the target
site, which in oral delivery most commonly is the intestinal
mucosa. Unless the devices are self-propelling, their movement
in the intestine and their orientation is entirely dependent on
external forces, that in the intestinal environment are most
likely due to intestinal motility and peristaltic flow of intestinal
contents. In this case, the orientation of microdevices is
presumably random if no bias is applied to their faces. Chirra
et al. aimed at promoting unidirectional release toward the
intestinal mucosa by designing microdevices with a flat aspect-
ratio for decreased susceptibility to peristaltic shear stress and
by functionalizing the reservoir side of the devices with
lectins.!! The latter are a group of proteins that among others
bind to catbohydrate chains present at the epithelial cell
surface.?

3.2.1. Design. In contrast to such a chemistry-based
approach, we present devices featuring a strong contrast
between top and bottom geometty by means of specific sutface
texturing on the reservoir side (Figure 3a—e). According to the
mechanical theory of mucoadhesion, the increase in surface
area, and thereby increased surface interaction, enhances the
“viscoelastic dissipation of energy during joint failure” and
hence can increase adhesion to mucosal surfaces.> The
generated surface structures are intended to ease the
penetration of the devices into the mucus layer by increasing
the locally applied tension. Further, the increased friction

forces between the mucus gel and the surface of the devices
leads to enhanced detachment forces and thus stronger
adhesion. The increased adhesiveness of the reservoir side
compated to the bottom side of the devices has the potential to
result in an orientation bias.

Next to a plain reservoir device (“Control”), two designs
with different degrees of increased surface area (“TO1” and
“TO2") were generated employing a topology optimization
approach to solve a free form optimization problem.?® The
topology optimization is not aimed at optimizing adhesion, but
generates branching structures with large surface areas.
Additionally, two more designs were manually created. The
design named “Manual” features an overhang at the resetvoir
side (top side) as well as cone-shaped spikes for reduced
fabrication complexity. This design is inspired by the overall
shape of “TO1” and “TO2”. The bioinspired “Phage”-design
features an increased number of spikes, a rounded bottom side
and side extensions along the lines of the morphology of T4
bacteriophages. The latter is known to infect bacteria by
attaching to the cell surface through a sequential binding of the
hexagonally arranged tail fibers, resulting in a stable upright
position.?” It must be emphasized that all designs are exterior
modifications to the same reservoir design with a fixed height
and outer diameter.

3.2.2. 3D Printing. The presented designs were fabricated
by 3D printing and characterized with scanning electron
microscopy (Figure 3f—j). However, due to resolution
limitations of the available 3D printing system, the size of the
reservoirs was scaled up according to the minimum featuresize
of the designs. Resolution arrays for the different designs (SI
Figures S2—S5) were 3D printed to determine an
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Figure 4. Characterization of mucoadhesion. (a)Analysis (Tukey boxplots) of mucoadhesion of alternative reservoir geometries with the tensile
method. Work of adhesion (WOA) is-defined as the area undet the cutve of the detachment graph whete force is plotted against displacement (N =
10). (b) Schematic of experimental setup for evaluation of mucoadhesion with the flow retention method adapted from Rao and Buti.3? Retention
graphs and comparison between downward and upward otientation relative to mucosal surface for (c) “Control”, (d) “TO1”, (e) “TO2”, (f)
“Manual”, and (g) “Phage” specimens. Values from c grayed out in d—g. Each flow rate lasted for 2 min (N = 5). (h) Compatison of RF 50 value
between different designs-and different orientations based on tetention graphs. RF 50 is defined as the telative cumulative amount of retained
specimens at 50% of the maximally applied flow tate. (i) RF 100 values of different designs and otientations. RF 100 is defined like RF 50, but at
100% of the maximum applied flow rate. Etror bats represent 95% confidence intervals (h, i). Stars indicate statistical significance with p < 0.05

according to Least Significant Difference test (a) and Welch's ¢ test (b, i).

achievable scale of the objects: In this aspect, “Manual” was not
regarded, because it features the same dimensions as “Phage”.
Also, the spikes were disregarded as they were scaled
independently from the overall size of the object. “T'O2”, with
the smallest design elements, represents the size limiting factor.
Consequently, a size with an outer reservoir diameter of

2.6 mm was chosen due to good repeatability. Using the same
3D printing method, also larger reservoir devices could be
fabricated on sacrificial PVA substrates (SI Figure S6).

3.2.3. Tensile Mucoadhesion Study. Initially, the mucoad-
hesive effect of the sutface textuting was tested with a tensile
mucoadhesion setup and porcine intestinal tissue (SI Figure
S7), thus simulating the effect of intestinal contraction events.
The experiment was carried out in a replicated Latin square
design with tissue as well as sequence of tested structures as
blocking factors. This prevented the testing sequence and the

vatiability of the tissue from affecting the analysis of the
measurements. The comparison of work of adhesion (area
under the curve of the detachment graph; Figure 4a) shows
that samples “TO1” and “TO2” have significantly lower
mucoadhesion with respect to “Control”, whereas “TO1” has
the lowest with also significantly lower values than “Manual”
and “Phage”. Analysis of maximum peak forces (SI Figure S7c)
shows the same overall trend with the exception that “TO2”
instead of “T'O1” has the lowest values. In both cases,
“Manual” and “Phage” are not significantly different from the
control. While on the one hand it is expected that increased
sutface area in case of “TO1” and “T'O2” leads to increased
contact area, it can on the other hand be presumed that the
branching surface structures result in a reduction of required
penetration force and thus better penetration into the mucus.
Due to the relatively high stiffness of the 3D printed structutes,
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the vertical force applied from the tensile instrument, through
the branching structures, probably induces higher shear stress
to the mucus when compared to less penetrating structures.
Since mucus is a shear-thinning gel, the consequent reduction
in viscosity can lead to a decrease in detachment force.?® In this
case, this method is not regarded as being suitable to evaluate
the mucoadhesive potential of different designs with sutface
structures. Additionally, it has been pointed out that the
occasions of tensile detachments are probably rare events from
a physiological point of view.” Therefore, the same
minireservoirs were characterized for mucoadhesion using a
flow retention setup (Figure 4b).3

3.2.4. Flow Retention Mucoadhesion Study. To prevent the
influence of tissue wvartiability and mucus integrity, the
experiments were performed in a Latin square design with
tissue and sequence of tested structures as blocking factors. In
addition to comparing various designs, the initial otientation of
the minireservoirs was included. Although the overall average
flow rate in the human small intestine is reported to be up to 3
mL min~!, the retention experiment was performed over a
range of different flow rates (4.1—81.9 mL min~"), which
might mimic the increased local shear stress induced by
intestinal motility.”! Plotting the number of retained
minireservoirs against the flow rates shows very diverging
retention profiles for different designs and otientations (Figure
4c—g). For comparison of the designs, the relative cumulative
number of retained devices up to a flow rate corresponding to
50% of the used maximum flow rate (RF50) and up to the
maximum used flow rate (RF100) were calculated and analyzed
for statistical significance (Figure 4h, i). The results remarkably
show that in both cases there is no significant difference
between all samples when placed with the resetvoir side
upward. However, when placed downward on the surfaceof the
intestinal tissue, all samples with surface structures show
significantly higher values when compared to the control.
Furthermore, all samples with surface sttuctures, but not the
control, show a significant effect of orientation. This suggests
that the minireservoirs with surface structures are more likely
to adhere to the intestinal mucosa in the correct orientation
and thus realize unidirectional drug release toward it.

During the performance of the experiments it was observed
that when placing the devices downward, the surface structures
rapidly penetrated <the mucus: In contrast to tensile
mucoadhesion tests that apply vertical stress; the flow retention
test induces shear forees acting laterally on the devices. The
surface structures, by penetrating the mucus, presumably
increase the contact area and lead to a mechanical interlocking
that increases resistance against lateral shear stress. Addition-
ally, penetration reduces the effective surface area subjected to
the flow, compared to placing the minireservoirs upward.

3.3. Simulation of Shear Stress/Drag. Computer
simulations relying on a simplified understanding of intestinal
flow, in which the surface structures ate likewise penetrating
the mucus (in this case the wall of a cylinder), show a difference
in drag force for downward and upward orientations, when the
devices are subjected to a laminar flow over the samerange of
flow rates (Figure 5). The tesulting asymmetty (otientation
bias) in drag force versus flow rate for the different designs
shows similarities to the asymmetry in the experimentally
determined retention profiles of the devices. Acomparison of
orientation biases as quotients of values obtained for
downward and upward orientation between experimentally
determined values for retention and simulated
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Figure 5. Simulation of drag on different reservoir geometties in
different otientations under laminar flow (x-direction) conditions in a
tube (5 X 10 cm?). When headed downward, surface structures are
simulated to enter the wall to mimic penetration of mucus. (a—e)
Sutface plots of drag in the x direction for different designs and (a'—

e’ com'puted drag force plotted against different flow rates. Values
from a’ grayed out in b’ to ¢'.

values for drag force, show a similar trend (si Figure S8a).
Consequently, increased retention of minireservoirs may be
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due to a combination of mechanical mucoadhesion and
reduced shear stress/drag.

3.4. Further Discussion. As of yet, reservoir devices for
ODD were fabricated in sizes ranging from 50 to 300 ym.' By
presenting reservoir devices with diameters from 400 to 3600
Um, this work drastically expands the size range of fabricated
devices and calls into question whether there is a specific size
range for optimal functionality. In this context it should be
noted that larger devices are subjected to higher shear stress
and drag than smaller ones. This would be an important design
constraint for reservoir devices that are designed to have an
orientation bias based on a difference in shear stress/drag.
However, computer simulations of drag force acting on
reservoir devices with different sizes show only a matginal
effect of size on orientation bias (SI Figure S8b). Another
important parameter to be considered is the drug loading
efficiency of reservoir devices. A reduction of fabrication
limitations at elevated dimensions can lead to a higher loading
efficiency, e.g., through decteased relative wall-thicknesses (SI
Figure S9).

With tespect to the outlined fabrication scheme of micro/
minireservoir devices via 3D printing (Figure 1), it should be
considered that 3D printed reservoir devices featuring surface
structures, such as those presented in this work, might interfere
with current postprocessing procedures like drug loading or lid
sealing. It is unlikely that the surface structures have an impact
on drug loading via inkjet printing as performed by Marizza et
al., due to the needle/syringe having a clear vertical pathtowatd
the cavity of the reservoir devices as is the case with
conventional cylindrical reservoir devices.”’ However, a dfug
loading method based on the use of a shadow mask as
demonstrated by Abid et al. could be impacted by
aforementioned surface structures.?” This is because the latter
might hinder the shadow mask to come into contact with the
teservoir edges and thus weaken the shadow mask’s function to
prevent drug powder from entering the interspace between the
surface structutres and the reservoir devices. Therefore, such a
method would need to be optimized for. the use with 3D
printed reservoir devices featuring surface structures. This
could be achieved by employing a different kind of shadow
mask, e.g., a shadow mask exhibiting funnel-like structures that
restrict any powder filling to the cavities of the teservoirdevices
(SI Figure S10). In previous studies, microresetvoirs have been
sealed with a pH-sensitive sealant polymer that dissolves at pH
values present in the intestine.>” In these cases,the sealant
polymer was applied to.the microreservoirs using a spray
coater. It is expected that any surface structures on 3D printed
reservoir devices will be covered with sealant polymerif a
similar lid sealing process via spray coating is employed.
Depending on the dissolution rate of the sealant polymer in the
intestinal environment, the mucoadhesive effect of the surface
structures during application of the reservoir devices could be
inhibited or decreased. Moreover, the surface structures might
prevent the sealant polymer from effectively sealing the cavity
of the reservoir devices, thus potentially allowing premature
leakage of drug. As it remains unclear howthe surface structures
will affect the mentioned postprocessingprocedures and the
drug release from the 3D printed reservoirdevices, further
investigations are required in the future.

4. CONCLUSIONS

We have demonstrated the implementation of 3D printing into
potential workflows for ODD microdevice fabrication by 3D

ptinting microreservoirs with different shapes and sizes on
sacrificial release substrates. The suggested approach provides
a cost-effective and flexible alternative for the fabrication of
reservoir devices and is compatible with subsequent post-
processing steps (such as drug loading and sealing), which have
been reported in the literature. Moreover, the approach is
suitable for repeatable fabrication as well as fast iterations with
changing parameters and designs.

To highlight the prototyping potential of 3D printing for the
fabrication of ODD devices, we showed the design and
fabrication of various miniteservoirs featuring anchor-like
surface structures for geometry-based mechanical mucoadhe-
sion. Increased adhesiveness to the intestinal mucosa, with
representative values up to a 2-fold higher compared to a
control, as well as implications for unidirectional release with
controlled orientation toward the mucosal surface have been
presented experimentally and theoretically. The results indicate
that mucoadhesive surface structures can be regarded as a
promising solution to enhance the mucoadhesive performance
and thereby potentally the. therapeutic effect of reservoir
devices for oral drug delivery.
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