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ABSTRACT: The oral route is preferred for systemic drug
administration and provides direct access to diseased tissue
of the gastrointestinal (GI) tract. However, many drugs
have poor absorption upon oral administration due to
damaging enzymatic and pH conditions, mucus and cellular
permeation barriers, and limited time for drug dissolution.
To overcome these limitations and enhance oral drug
absorption, micron-scale devices with planar, asymmetric
geometries, termed microdevices, have been designed to
adhere to the lining of the GI tract and release drug at high
concentrations directly toward GI epithelium. Here we seal
microdevices with nanostraw membranesporous nano-
structured biomolecule delivery substratesto enhance the
properties of these devices. We demonstrate that the nanostraws facilitate facile drug loading and tunable drug release,
limit the influx of external molecules into the sealed drug reservoir, and increase the adhesion of devices to epithelial tissue.
These findings highlight the potential of nanostraw microdevices to enhance the oral absorption of a wide range of
therapeutics by binding to the lining of the GI tract, providing prolonged and proximal drug release, and reducing the
exposure of their payload to drug-degrading biomolecules.
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The oral route of drug administration is preferred due to
its ease of use and low cost, but the physiological
barriers of the GI tract prevent the absorption of intact

biological therapeutics and many small molecule drugs.
Specifically, metabolic and proteolytic enzymes present
throughout the GI tract and the low pH of the stomach
degrade drugs, and the intestinal epithelium and its adherent
mucus layer limit permeation of drugs with high molecular
weight or high polarity.1−3 Additionally, many drugs exhibit low
solubility and dissolve poorly within the small intestine, the
primary site of systemic drug absorption.1,2,4 Of such drugs
with limited oral bioavailability, biological therapeutics are
particularly challenging given their fragile nature and high
molecular weights. However, some biological therapeutics
currently require daily injections for periods of years to life
(e.g., insulin to treat diabetes, human growth hormone to treat
growth hormone insufficiency, calcitonin and parathyroid
hormone to treat osteoporosis)5 and are thus highly desired
candidates for oral drug delivery.

Micron-scale devices with planar, asymmetric geometries,
termed microdevices, have been designed to address the
barriers to oral drug absorption. Microdevices readily adhere to
the lining of the GI tract for prolonged durations while
releasing drug at high concentrations, thereby increasing drug
permeation.6 Microdevice bioadhesion is facilitated by the
micron scale of the devices, which increases their surface-area-
to-volume ratio, and the planar device geometry, which
increases their interfacial surface area and decreases the force
from fluid flow exerted on devices.7,8 Furthermore, the
asymmetric device design with the drug reservoir on only one
side of the device can further enhance drug permeation; if the
drug-releasing side of the device is selectively modified to have
increased bioadhesion, then the devices can provide unidirec-
tional release of drugs directly toward GI tissue.9
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Microdevices are capable of significantly enhancing drug
absorption both in vitro and in vivo.7,8,10 However, loading
drugs into the micron-scale reservoirs of these devices in a facile
manner while also minimizing drug damage and achieving
tunable and sustained drug release remains a challenge.6

Additionally, incorporating nanotopography onto the surface of
microdevices is likely to further enhance device bioadhesion by
dramatically increasing their interfacial surface area, but
developing fabrication approaches to coat microdevices with
nanoscale features remains technically challenging.6,11

In this study, we enhance microdevice properties for oral
drug delivery by incorporating nanostraw membrane caps.
Nanostraws have been developed to facilitate the transport of
nucleic acids, proteins, and drugs into cells for in vitro
applications.12−15 By piercing through membranes of seeded
cells, nanostraws provide a pipeline for the diffusion of
biomolecules directly into the cytosol.12,15 Here, we develop
an approach to fabricate planar microdevices with drug
reservoirs sealed by nanostraw membranes and validate the
structure and integrity of these devices. We go on to
demonstrate that the nanostraws facilitate tunable and
sustained drug release, limit the influx of outside biomolecules,
and increase device bioadhesion. These findings indicate the
potential of these devices to increase the oral absorption of a
wide range of drugs with poor bioavailabilities. Furthermore,
the fabrication approach presented here may be adapted to
create other diagnostic and therapeutic devices where sealed
microchambers with sustained release of biomolecules,
protection of loaded reagents, and/or enhanced bioadhesion
are required.

RESULTS AND DISCUSSION

To retain the planar, asymmetric microdevice design shown to
enhance oral drug absorption, we designed the nanostraw
microdevices to have circular bodies 200 μm in diameter with
100-μm-diameter drug reservoirs sealed by nanostraw mem-
brane caps, with a total device thickness <20 μm. The devices
were fabricated through a series of deposition, photolithog-
raphy, and anisotropic etching steps as shown in Figure 1. First,
an 8-μm-thick layer of poly(methyl methacrylate) (PMMA)
followed by a layer of positive photoresist were spun cast onto a
silicon wafer. The device body was then defined by exposing
with UV light through a computer-designed photomask with
arrays of opaque annuli (200 μm outer diameter, 100 μm inner
diameter, 400 μm pitch) and subsequently developing the
patterned photoresist (Figure 1A). The PMMA was anisotropi-
cally etched by approximately 5.5 μm with oxygen plasma
(Supporting Information Figure S1) in regions not protected
by the photoresist (Figure 1B). The remaining photoresist was
chemically stripped, and the devices were briefly brought into
contact with a polycaprolactone (PCL) film under heat, coating
the topmost surface of the PMMA device bodies with a layer of
PCL (Figure 1C).
To seal the device reservoirs, a nanostraw membrane

composed of track-etched polycarbonate (PC) interspersed
with vertically oriented aluminum oxide nanostraws was
fabricated as previously described15 and heat-bonded to the
PCL (Figure 1D). The track etch membranes used to fabricate
nanostraw membranes can be tuned for precise control over
pore diameter and density, with pore diameters ranging from 8
nm to the millimeter scale and densities as high as 1 × 1010

cm−2.12,13,15−18 In this study, microdevices were sealed with
nanostraw membranes ranging from 60 to 160 nm in inner
nanostraw diameter and from 1 × 107 to 3 × 107 cm−2 in

Figure 1. Nanostraw microdevice fabrication schematic. (A) A silicon wafer (black) is spun cast with 1) PMMA (gray) and 2) positive
photoresist (orange), and the photoresist is patterned via UV exposure through a computer-designed photomask with subsequent
development. (B) The PMMA layer is partially etched with oxygen plasma to form the device body. (C) Following chemical removal of
remaining photoresist, PCL (white) is transferred onto the surface of the devices by contact under heat. (D) The devices are heat-bonded to a
nanostraw membrane composed of PC (semitransparent) interspersed with aluminum oxide nanostraws (blue), sealing the devices. (E) The
nanostraw membrane is spun cast with (1) PVA (red) and (2) negative photoresist (yellow), which is patterned over the devices via UV
exposure through a photomask with subsequent development. (F) The nanostraw membrane and PMMA are removed in regions not
protected by the patterned photoresist by etching with oxygen plasma. (G) The photoresist caps are detached by dissolving the underlying
PVA layer in water. (H) The polycarbonate is partially etched with oxygen plasma to expose the alumina nanostraws. (I) Following incubation
in a drug solution to facilitate drug loading via diffusion through nanostraws, the device reservoirs contain high concentrations of drug
(green).
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nanostraw density (drug release assays). For all other assays,
devices were sealed with membranes with 60 nm inner
nanostraw diameter and 1 × 107 cm−2 nanostraw density. To
protect the nanostraw membrane during subsequent lithog-
raphy steps, a sacrificial poly(vinyl alcohol) (PVA) layer was
spun cast over the nanostraw membrane. A negative photoresist
was spun cast over the PVA and exposed to UV light through
an opaque photomask with 200 μm transparent circles aligned
to the devices. The photoresist was then placed in developer,
dissolving the photoresist in regions not cross-linked by UV
exposure (Figure 1E). The regions of the nanostraw membrane
and PMMA not covered by the cross-linked photoresist were
etched with oxygen plasma (Figure 1F), and the devices were
rinsed in water to dissolve the PVA and release the photoresist
caps (Figure 1G). The devices were then exposed to low-
energy oxygen plasma to partially etch the PC, exposing the
nanostraws (Figure 1H). Finally, the devices were incubated in
concentrated drug solutions to load the device reservoirs via
diffusion through nanostraws (Figure 1I). The final nanostraw
microdevices were composed of PMMA, PCL, PC, and
aluminum oxide, which are FDA-approved materials in various
implanted biomedical devices.19−22

Scanning electron microscopy (SEM) demonstrated that
nanostraw membrane caps were bound to the underlying
PMMA device bodies (Figure 2A). The membranes had intact
nanostraws measuring 2.2 ± 0.1 μm in length. While the
distribution of nanostraws of membranes used in this study was
stochastic on the nanometer scale, this distribution became

more uniform on the cellular scale (Supporting Information
Figure S2). This indicated that the nanostraw membranes
would be capable of homogeneous transfer of drugs at the
cellular and tissue scales.
To characterize the internal structure of the devices, we

incubated the microdevices overnight in FITC-tagged bovine
serum albumin (FITC-BSA), a protein known to have high
adsorption to a variety of surfaces.23 This step allowed the
fluorescently labeled BSA to both diffuse into device reservoirs
and adsorb onto the surfaces of the microdevices. The
microdevices were then incubated in phosphate buffered saline
(PBS) for 8 h to allow for partial FITC-BSA release, thereby
reducing fluorescence intensity of FITC-BSA dissolved within
the drug reservoirs and allowing both the drug reservoirs and
the device surfaces to be visualized. Adhered and loaded FITC-
BSA was then imaged with confocal fluorescence microscopy.
While biomolecular adsorption was found to be minimal
relative to the amount of dissolved drug within the device
reservoirs (Supporting Information Figure S3), the adsorption
of FITC-BSA to the surfaces of the devices (Figure 2B)
indicated that the devices could be incubated in concentrated
BSA in order to block adsorption of drugs loaded in later steps.
This treatment could block adsorption of drugs found to adhere
to device surfaces to increase the efficiency of drug release from
device reservoirs.24

Z-slices of different depths showed the presence of drug
reservoirs 100 μm in diameter with a surrounding device body
and an overlying nanostraw membrane, both 200 μm in
diameter (Figure 2B). Cross sections along the z-axis showed
that nanostraws spanned through the membrane cap,
connecting the device reservoirs to the external environment.
Together, these findings suggested that loading of the
microdevice reservoirs was mediated by diffusion of drug
through the nanostraws.
Minimizing drug stress while loading microdevice reservoirs

has proven challenging in previous studies. Current methods of
microreservoir drug loading such as surface loading by capillary
action,25−28 photolithography,8,10,29 and inkjet printing30,31

require exposure of drug to UV light, cross-linking agents,
organic solvents, and/or dehydration. These damaging
conditions can potentially cause loss of drug structure and
bioactivity, especially for biological therapeutics.6 The nano-
straw microdevices in this study were designed to facilitate in-
solution drug loading, allowing drug to be loaded under mild
conditions.
To confirm nanostraws as the route of drug diffusion into the

device reservoirs and validate the integrity of device sealing, we
fabricated devices with either nanostraw membrane caps or
nonporous PC film caps as a control. Devices were then
incubated overnight in a PBS solution of 10 mg/mL FITC-
insulin, rinsed with PBS for 1 min, and imaged with
fluorescence microscopy. FITC-insulin diffused into the
reservoirs of devices with nanostraw membranes but not into
the reservoirs of microdevices sealed with nonporous PC
(Figure 3), demonstrating functional device reservoir sealing
with drug diffusion occurring primarily through nanostraws.
Additionally, drug-loaded microdevices retained FITC-insulin
upon being scraped from the silicon wafer (Supporting
Information Figure S4), indicating that the microdevices
remained sealed upon device detachment.
In order to take full advantage of the prolonged residence

time in the GI tract, bioadhesive microdevices should provide
sustained drug release. Furthermore, an ability to tune the rate

Figure 2. Characterization of nanostraw microdevice structure. (A)
SEM images demonstrate that microdevices were fabricated with
intact nanostraw membranes. (B) Confocal fluorescence micros-
copy of nanostraw devices incubated in a FITC-BSA solution and
imaged while submerged in PBS provides visualization of the drug
reservoir (z = 5 μm), the overlying nanostraw membrane (z = 15
μm), and overall device structure (z = 0−20 μm). An x−z cross
section shows that nanostraws provide a fluidic conduit for drug
diffusion between device reservoirs and the external environment.
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of drug release allows for targeting of specific regions of the GI
tract and adjustment for more favorable pharmacokinetic
profiles.2 For example, rapid drug release could facilitate
delivery of the majority of loaded drug to the buccal cavity,

while slow release could maximize delivery of drug to the colon.
We hypothesized that the hollow nanostraws, which can be
fabricated with varying diameters and densities,12−15 would
provide the additional advantage of tunable and sustained drug
release.
To test this hypothesis, we monitored the release rates of the

model drug FITC-insulin from microdevices sealed by
nanostraw caps of varying nanostraw inner diameters and
densities (Figure 4A). For each type of nanostraw membrane,
400−800 microdevices were loaded by incubation in a PBS
solution of 10 mg/mL FITC-insulin at 4 °C for 36−48 h. The
microdevices were then rinsed in PBS for 1 min to remove
nonloaded FITC-insulin and placed in PBS at 37 °C for
measurement of drug release. The GI tract environment varies
dramatically in composition, enzyme concentrations, and pH by
region.6 While drug release was performed in the absence of
digestive enzymes to allow for the accurate measurement of
drug concentrations, the pH at which drug release was tested
(pH 7.4) falls within the pH ranges of the buccal cavity and
esophagus (pH 5.3−7.8),32 small intestine (pH 6−7.4),33 and
colon (pH 6.8−7.4)34 but is significantly higher than the pH of
the stomach (pH 1.0−3.5).35 However, nanostraw micro-
devices could be encapsulated within pH-sensitive enteric
capsules in order to allow them to bypass the stomach before
dissolution of the capsule and release of devices within the
higher-pH environments of the intestine or colon.6,36 Drug

Figure 3. Nanostraw microdevice reservoirs are sealed, with
nanostraws facilitating in-solution drug loading. Microdevices
fabricated using (A) a nonporous PC membrane or (B) a
nanostraw membrane were incubated in 10 mg/mL FITC-insulin
overnight, rinsed with PBS, and imaged for device structure
(bright-field signal, shown in grayscale) and FITC-insulin local-
ization (fluorescence signal, shown in green). Only microdevices
with nanostraws showed significant loading of insulin into
reservoirs, indicating proper sealing of microdevices with drug
diffusion occurring primarily through nanostraws.

Figure 4. Drug release rates scale with nanostraw diameter and density, allowing for tunable release. (A) SEM images of nanostraw
membranes fabricated with varying nanostraw inner diameters (60, 90, 160 nm) and densities (1 × 107, 3 × 107 cm−2). (B) FITC-insulin
release from microdevices sealed with these membranes was monitored over time. Release rates scaled with both nanostraw diameter and
density. *Indicates statistically different values between all samples at a given time point (p < 0.05).
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release was monitored by fluorescence spectroscopy, normal-
izing to device count (Figure 4B). Drug release rates scaled
with both nanostraw diameter and density, demonstrating that
drug release kinetics could be tuned by adjusting nanostraw
membrane properties.
To mitigate drug degradation, microdevices can be designed

to protect loaded drugs from exposure to damaging
biomolecules such as metabolic and proteolytic enzymes that
are present throughout the GI tract.6 We hypothesized that, in
addition to limiting diffusion of loaded drugs out of the
reservoir, the nanostraw membrane would also limit the influx
of outside biomolecules, thereby providing a mechanism to
protect the drug payload. To model the diffusion of
biomolecules into drug reservoirs, we incubated nanostraw
microdevices (inner nanostraw diameter: 60 nm, nanostraw
density: 1 × 107 cm−2) in 1 mg/mL 10 kDa FITC-dextran, a
biological molecule with a hydrodynamic radius (2.3 nm)37

similar to drug-degrading enzymes such as trypsin (1.9 nm),38

chymotrypsin (2.5 nm),39 and DNase I (2.5 nm).40

We monitored FITC-dextran diffusion into the device
reservoirs at 0.5, 1, 2, and 4 h with confocal fluorescence
microscopy (Figure 5). We then quantified the fluorescence

intensity values within the device reservoirs. As a control for the
concentration of FITC-dextran outside of the device reservoirs,
fluorescence intensity was also measured at 48 h, by which time
internal FITC-dextran concentration had equilibrated to that of
the external environment (Supporting Information Figure S5).
All earlier time points were normalized to the fluorescence
intensity at this later time point, allowing for comparison

between the concentration within the devices to the external
concentration. During incubation in FITC-dextran, the
normalized fluorescence intensity in device reservoirs remained
below 50% of the 48 h control for over 2 h, suggesting that the
nanostraw membrane will reduce the exposure of loaded drug
to external biomolecules relative the outside concentration,
especially within the first few hours of administration. As a
reference for the rate of drug release from the reservoirs, we
also monitored the release of FITC-insulin from nanostraw
microdevices through identical methods, normalizing to initial
FITC-insulin fluorescence intensity. We observed significant
FITC-insulin release during the same time frame, demonstrat-
ing that nanostraw microdevices can decrease the exposure of
loaded drug to outside biomolecules prior to release.
We hypothesized that the adhesive properties of micro-

devices would be enhanced by the presence of nanostraws. To
determine the effect of nanostraws on bioadhesion, micro-
devices sealed with nanostraw membrane caps that had either
been etched with oxygen plasma to expose nanostraws
(depicted in Figure 1H) or not treated with the final etching
step, resulting in control devices without exposed nanostraws
(depicted in Figure 1G), were analyzed with a flow cell
adhesion assay. Approximately 400 microdevices were detached
from the silicon wafer and incubated in PBS over a monolayer
of Caco-2 epithelial cells for 5 min with gentle shaking,
facilitating contact between the nanostraw microdevices and the
epithelial monolayer. A flow cell was then assembled over the
microdevices, and a solution of porcine mucin was passed
through the flow cell at increasing rates to achieve stepwise
increments of fluid shear stress as previously outlined.23,26,28,41

We determined the fraction of microdevices remaining
completely adhered to the Caco-2 monolayer following 5 min
of flow at each shear stress value. Microdevices with exposed
nanostraws demonstrated significantly higher adhesion than
control microdevices (Figure 6A). Following exposure to fluid
shear stress values increasing to 40 dyn/cm2, 77 ± 7% of
microdevices with exposed nanostraws and 33 ± 23% of
microdevices without exposed nanostraws remained adhered,
demonstrating that nanostraws dramatically enhance device
bioadhesion. The high fraction of nanostraw microdevices
remaining adhered also indicated that bound nanostraw
microdevices are likely to remain attached to the intestinal
epithelium while under physiological shear stress, which can
range from 0.02 to 35 dyn/cm2 during peristalsis.42

To characterize device interaction with the mucus layer
coating intestinal epithelium, we performed an ex vivo adhesion
assay with excised murine intestinal tissue. In an assay adapted
from previous studies,43−46 we excised the jejunum from
sacrificed mice and flowed devices suspended in oxygenated
Tyrode’s solution through the intestinal segment at 0.2 mL/
min, a flow rate previously proposed for mice.43,44,46 After 1 h
of flow, we cut the jejunum longitudinally and used
fluorescence microscopy to determine the number of devices
remaining within the intestinal tissue and the number of devices
that had flowed through the jejunum. Of the total devices
counted, 87 ± 13% of the nanostraw devices remained within
the intestinal segment after 1 h of flow, while only 51 ± 19% of
the control device remained (Figure 6B). Fluorescence
microscopy showed adhesion of intact insulin-loaded devices
to the intestinal mucosa (Figure 6C).
SEM analysis of ex vivo tissue showed that 76% of 21

nanostraw microdevices observed were adhered in the
orientation with the nanostraw membrane coming into contact

Figure 5. Nanostraw membranes limit the influx of biomolecules
into device reservoirs. (A) To determine the ability of nanostraw
microdevices to limit the influx of outside biomolecules, nanostraw
microdevices were incubated in 1 mg/mL 10 kDa FITC-dextran at
37 °C and imaged with confocal fluorescence microscopy over
time. As a reference for the rate of drug release from the reservoirs,
the release of FITC-insulin loaded into microdevices at 10 mg/mL
was also monitored through identical detection methods. (B)
FITC-dextran influx and FITC-insulin efflux were quantified by
integrating fluorescence intensity values in the device reservoirs at
each time point and normalizing to the respective saturated
intensity values. Specifically, FITC-dextran fluorescence intensity
was normalized to devices equilibrated with the outside FITC-
dextran concentration (t = 48 h), and FITC-insulin fluorescence
intensity was normalized to loaded devices (t = 0 h).
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with the intestinal tissue, as shown in Figure 6D, indicating that
this binary event was nonrandom and selectively favored
adhesion of the nanostraw membrane surface of the devices (p
< 0.05). SEM imaging also demonstrated that the nanostraw
membranes of the devices adhered to and became entrapped by
the mucus layer. The enhanced mucoadhesion observed in the
presence of nanostraws is likely due to penetration of
nanostraws into the mucus, which could prevent device
detachment by providing increased interfacial surface area and
impeding lateral device movement. Therefore, an upper
limitation of the residence time of these devices in the GI
tract may be the turnover rate of the motile mucus in the small
intestine, which is on the order of hours, unless the devices
penetrate through this motile mucus layer to interact with the
underlying epithelium, which has a turnover time on the order
of days.47−49 Thus, these devices are not likely to degrade
before excretion from the GI tract, as they are composed of
materials that degrade on the order of months or longer.50−53

Furthermore, these devices could be tuned to release the
majority of their drug payload within an hour (Supporting
Information Figure S6), during which time the majority of
devices remain bound to GI tissue in ex vivo studies, indicating
that these devices could efficiently release their drug payload
before passing through the GI tract. Together, the in vitro and
ex vivo adhesion assays demonstrated that the nanostraws
enhanced adhesion of the drug-releasing device surface to the

intestinal epithelium while exposed to fluid flow, indicating that
the nanostraws will facilitate prolonged and unidirectional drug
release directly toward GI tissue.

CONCLUSION

To address the barriers to oral drug absorption, we present an
approach to fabricate microdevices sealed with nanostraw
membranes. These devices retain the planar, asymmetric
geometry previously shown to enhance device adhesion and
drug absorption. We demonstrate that nanostraw membranes
incorporated into the microdevices provide the additional
advantages of (1) facile, in-solution drug loading with sustained,
tunable drug release; (2) limited influx of outside molecules
into device reservoirs; and (3) nanotopography-mediated
bioadhesion. Nanostraw microdevices have potential to
increase oral drug absorption by binding to GI tissue, releasing
drug at high local concentrations over a prolonged period of
time, and reducing the exposure of their payload to drug-
degrading biomolecules. Given their facile, in-solution drug
loading mechanism and ability to limit the exposure of loaded
drug to outside biomolecules, nanostraw microdevices may
prove particularly advantageous for fragile biological therapeu-
tics. Thus, future in vivo studies will determine the ability of
these microdevices to enhance the delivery of a wide range of
hormones, nucleic acids, peptides, and proteins for either

Figure 6. Nanostraws enhance microdevice bioadhesion. (A) In vitro flow cell assay in which nanostraw microdevices or control devices sealed
with membranes lacking exposed nanostraws were incubated on Caco-2 cells and then exposed to increasing flow rates corresponding to
physiological fluid shear stress values. The fraction of devices remaining adhered to the Caco-2 monolayer was determined at each time point.
(B) Ex vivo murine intestinal adhesion assay in which nanostraw microdevices or control devices were flowed through excised murine
intestinal tissue at 0.2 mL/min for 1 h. The fraction of devices remaining within the intestinal tissue was then determined with fluorescence
microscopy. (C) Fluorescence microscopy following the ex vivo adhesion assay showed that intact nanostraw microdevices loaded with FITC-
insulin (green) had adhered to intestinal tissue. (D) An SEM image showing a microdevice adhered to the intestine as a result of the
nanostraw membrane becoming entrapped within the mucus layer. 76% of devices observed by SEM were adhered with the nanostraw
membrane in contact with the intestinal mucosa (n = 21), indicating that devices selectively bound in this orientation (p < 0.05). *Indicates
statistically different values (p < 0.05).
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enhanced systemic absorption or local uptake into diseased GI
tissue.
Even for drugs with high bioavailabilities, there is a strong

motivation to develop devices capable of releasing drugs in the
GI tract for prolonged periods of time to decrease dosing
frequency, allowing for simplified dosing regimens and better
patient adherence to therapies.54 With high bioadhesion under
physiological shear stress and tunable drug release rates,
nanostraw microdevices have potential to significantly extend
durations of systemic drug exposure. The fabrication approach
presented here may also be applied outside the field of oral
drug delivery to miniaturize implantable drug release systems,
biosensors, and other biomedical devices where bioadhesion,
tunable release, and/or protection of a payload from outside
biomolecules are advantageous.

METHODS
Fabrication of Nanostraw Microdevices. The detailed methods

for nanostraw microdevice fabrication are described in Supporting
Information.
Scanning Electron Microscopy. Nonbiological samples were

prepared for SEM by sputter coating with 8 nm of gold or iridium.
Biological samples were prepared for SEM by fixing regions of tissue in
4% (w/v) paraformaldehyde in PBS followed by dehydration in a
graded series of 20, 40, 60, 80, and 100% ethanol with 30 min of
incubation at room temperature for each solution. Samples were
stored in anhydrous ethanol at 4 °C overnight and then underwent
critical point drying followed by sputter coating with 20 nm gold and
iridium. Samples were imaged with a Carl Zeiss Ultra 55 field emission
scanning electron microscope. Nanostraw diameters were measured to
be 62 ± 3, 94 ± 5, 165 ± 9, (membranes fabricated with nanostraw
densities of 1 × 107 cm−2) and 86 ± 17 nm (membrane fabricated with
a nanostraw density of 3 × 107 cm−2) by analyzing SEM images with
Fiji software.55,56 Nanostraw lengths were measured with the same
approach, accounting for the 45° imaging angle. All values in this study
are reported with standard deviation.
Confocal Imaging of Internal Microdevice Structure. Micro-

devices were incubated overnight at 4 °C in a PBS solution (pH 7.4)
with 10 mg/mL FITC-BSA (Sigma-Aldrich) to load devices reservoirs
with FITC-BSA and allow for adsorption of FITC-BSA to devices
surfaces. The devices were then incubated at 37 °C in PBS for
approximately 8 h to allow for partial release of FITC-BSA from device
reservoirs for reduced fluorescence intensity during imaging. The
devices were then imaged while submerged in PBS with a spectral
confocal microscope with a 488 nm laser for excitation and a 525 nm
emission filter. Z-stacks were captured at 1 μm intervals over the entire
device structure. Fiji software was used to restack confocal images
along the z-axis.
Reservoir Seal Integrity Assay. Microdevices fabricated using a

nanostraw membrane (inner nanostraw diameter: 60 nm, nanostraw
density: 1 × 107 cm−2) or with a nonporous PC membrane were
incubated in 10 mg/mL FITC-insulin (Sigma-Aldrich) in PBS
overnight and rinsed with PBS. Microdevices were then submerged
in PBS and imaged with bright-field microscopy to show device
structure and fluorescence microscopy to observe FITC-insulin
diffusion into device reservoirs.
Drug Release Assay. Silicon wafers with nanostraw microdevices

were scored and broken into pieces approximately 1−2 cm2 in area,
and the microdevices on each piece were counted. The microdevices
were then incubated in a PBS solution of 10 mg/mL FITC-insulin at 4
°C for 36−48 h, rinsed in PBS for 1 min, and placed in PBS at 37 °C.
The PBS solution was sampled with complete buffer exchange at 0.25,
0.5, 1, 2, and 4 h. Drug concentrations were determined with
fluorescence spectroscopy using a standard curve of serially diluted
FITC-insulin, and the cumulative mass of released drug was
normalized to device count.
Quantification of FITC-Dextran Permeation into Device

Reservoirs. Nanostraw microdevices were incubated in a PBS

solution of 1 mg/mL 10 kDa FITC-dextran (Sigma-Aldrich) at 37
°C. At 0.5, 1, 2, 4, and 48 h, microdevices were quickly rinsed in PBS
and imaged with confocal fluorescence microscopy, collecting images
with 2 μm z-steps over the entire device reservoirs. All samples were
imaged under identical conditions while avoiding saturation of
fluorescence signal. To allow for comparison between rates of influx
of outside biomolecules and release of loaded drug, the fluorescence
intensity of FITC-insulin loaded into microdevices at 10 mg/mL was
also monitored at 0, 0.5, 1, 2, and 4 h through identical methods. The
fluorescence intensity within device reservoirs was integrated for each
time point with Fiji software. FITC-dextran fluorescence intensity was
normalized to devices equilibrated with the outside FITC-dextran
concentration (t = 48 h), and FITC-insulin fluorescence intensity was
normalized to devices imaged immediately after FITC-insulin loading
(t = 0 h).

Caco-2 Flow Cell Adhesion Assay. An epithelial flow cell
adhesion assay was performed as previously outlined23,26,28,41 with
minor modifications. Briefly, approximately 400 microdevices, with or
without oxygen plasma etching to expose nanostraws (inner diameter:
60 nm, density: 107 cm−2), were scraped from the silicon wafer with a
razor, suspended in 1 mL PBS, and added to a monolayer of Caco-2
epithelial cells (ATCC) in a Petri dish. The microdevices were
incubated over the cellular monolayer for 5 min under gentle shaking.
A flow cell was then assembled over the microdevices, and a solution
of 20 g/L porcine mucin (Sigma-Aldrich) in PBS was passed through
the flow cell at increasing flow rates in a stepwise fashion, achieving
fluid shear stress values of 0.5, 1, 5, 10, 20, and 40 dyn/cm2. After 5
min at each flow rate, the number of completely adhered microdevices
(i.e., the number of microdevices lying flat on the Caco-2 monolayer)
was determined by counting under a dissecting microscope, and the
ratio of microdevices adhered to the original number of microdevices
was determined.

Ex Vivo Adhesion Assay. An ex vivo nanostraw microdevice
adhesion assay was adapted from previous protocols.43−46 Six C57BL/
6 mice (Jackson Laboratories, maintained in specific pathogen-free
conditions) were sacrificed at 4−6 weeks of age, and the jejunum was
excised. The intestinal segments were flushed with oxygenated
Tyrode’s solution (pH 6.8) to clear intestinal contents and confirm
the absence of punctures, and the tissue was stored in oxygenated
Tyrode’s solution on ice until use within 4 h. For each sample, a
jejunum segment was placed in a 37 °C bath of oxygenated Tyrode’s
solution. A 1−2 cm2 piece of silicon wafer with approximately 400−
800 nanostraw microdevices or control devices without exposed
nanostraws (all loaded with 10 mg/mL FITC-insulin and washed in
PBS for 1 min as previously described) was coated with 100 μL
oxygenated Tyrode’s solution, and devices were scraped from the
surface of the silicon wafer with a razor. The suspended devices were
slowly pipetted into the oral side of the jejunum and then flowed
through the jejunum in oxygenated Tyrode’s solution at 0.2 mL/min
via a peristaltic pump. The buffer flowing out of the jejunum was
passed through a metal grid with 70 μm spacing to collect detached
devices. After 1 h of flow, the jejunum was cut longitudinally and
placed between glass slides. The number of devices remaining within
the jejunum and the number of devices collected in the metal grid
were counted via fluorescence microscopy, and the percentage of
devices remaining attached to the jejunum was calculated for each
sample.
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