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Abstract 

 While oral drug administration is by far the most preferred route, it is accompanied by 

many barriers that limit drug uptake such as the low pH of the stomach, metabolic and 

proteolytic enzymes, and limited permeability of the intestinal epithelium. As a result, many 

drugs ranging from small molecules to biological therapeutics have limited oral bioavailability, 

precluding them from oral administration. To address this issue, microfabrication has been 

applied to create planar, asymmetric devices capable of binding to the lining of the 

gastrointestinal tract and releasing drug at high concentrations, thereby increasing oral drug 

uptake. While the efficacy of these devices has been validated in vitro and in vivo, modifying 

their surfaces with nanoscale features has potential to refine their properties for enhanced drug 

delivery. This dissertation first presents an approach to fabricate polymeric microdevices coated 

with nanowires in a rapid, high throughput manner. The nanowires demonstrate rapid drug 

localization onto the surface of these devices via capillary action and increased adhesion to 

epithelial tissue, suggesting that this fabrication technique can be used to create devices with 

enhanced properties for oral drug delivery. Also presented are microdevices sealed with 

nanostraw membranes. The nanostraw membranes provide sustained drug release by limiting 

drug efflux from the devices, prevent drug degradation by limiting influx of outside 

biomolecules, and enhance device bioadhesion by penetrating into the mucus layer of the 

intestinal lining. Finally, an approach that dramatically increases the capacity and efficiency of 

drug loading into microdevices over previous methods is presented. A picoliter-volume printer is 

used to print drug directly into device reservoirs in an automated fashion. The technologies 

presented here expand the capabilities of microdevices for oral drug delivery by incorporating 
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nanoscale structures that enhance device bioadhesion, tunability of drug release, and drug 

protection and also provide a more cost-effective and scalable approach to drug loading.   
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Chapter 1 – Introduction 

 

1.1. Abstract 

The oral route of drug administration is most preferred due to its ease of use, low cost, 

and high patient compliance. However, the oral uptake of many small molecule drugs and 

biotherapeutics is limited by various physiological barriers, and, as a result, drugs suffer from 

issues with low solubility, low permeability, and degradation following oral administration. The 

flexibility of micro- and nanofabrication techniques has been used to create drug delivery 

platforms designed to address these barriers to oral drug uptake. Specifically, 

micro/nanofabricated devices have been designed with planar, asymmetric geometries to 

promote device adhesion and unidirectional drug release toward epithelial tissue, thereby 

prolonging drug exposure and increasing drug permeation. Furthermore, surface 

functionalization, nanotopography, responsive drug release, motion-based responses, and 

permeation enhancers have been incorporated into such platforms to further enhance drug uptake. 

This work will focus on developing techniques to incorporate nanostructures into microdevices 

and demonstrating that these nanostructures may enhance the properties of these devices for oral 

drug delivery through mechanisms including enhanced bioadhesion, improved drug loading 

efficiency, and protection of loaded drug.  

 

1.2. Introduction 

Oral drug administration is the most preferred and common route. As opposed to 

parenteral administration, the oral route typically causes neither tissue damage nor pain and 
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requires less patient supervision, resulting in high patient compliance and decreased cost of care.1 

Oral drug formulations may also provide advantages over intravenous drug formulations, which 

can involve injection of solubilizing excipients associated with toxicity and/or altered disposition 

of coadministered drugs.2-4 In addition to being the primary route for systemic drug therapy, oral 

administration allows for localized drug treatment of gastrointestinal (GI) tissue. However, there 

is currently limited approaches to target diseased tissue.5, 6 Therefore, diseases of the GI tract are 

often treated through formulations designed for systemic administration, resulting in system-

wide side effects.5, 7 

While oral administration is most preferred, approximately 50% of active pharmaceutical 

agents suffer from limited oral uptake.8, 9 The oral route is associated with issues with 1) drug 

degradation, 2) low drug solubility, and 3) low drug permeability, preventing uptake of intact 

drug into the bloodstream.10 Current approaches to improve drug uptake include permeation 

enhancers, excipients to enhance drug solubility or provide sustained drug release, micro- and 

nanoparticulate systems, drug conjugation and modification, enteric coating, metabolic and 

transporter protein inhibitors, and bioadhesive polymers and ligands, which have been reviewed 

in detail.6, 11-19 While these approaches allow for control over many properties of drug delivery 

systems, they do not typically provide precise geometric control, which can be used to facilitate 

interaction with the micro- and nanoscale features of GI tract physiology for increased adhesion 

and tissue permeability.20, 21 

Photolithography, soft lithography, and nanofabrication approaches can be used to 

fabricate oral drug delivery systems with precise control over feature geometry, symmetry, 

dimensions, material composition, and surface modification, allowing for design of microscale 

devices that specifically address physiological barriers of the GI tract. These fabrication 
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technologies have also been reviewed in detail previously.6, 22-25 Application of these approaches 

to oral drug delivery has been expanding to utilize biocompatible and bioadhesive polymers, 

asymmetric geometries, nanotopographical features, and materials that respond to environmental 

cues to improve drug uptake. This review will highlight recent advances in the application of 

micro/nanotechnology to oral drug delivery and predict how current and developing technologies 

may be incorporated into these micro/nanofabricated platforms to improve the bioavailability of 

a wide range of drugs and biotherapeutics. 

 

1.3. Physiological barriers to oral drug delivery 

The comprehensive set of barriers to oral drug uptake must be considered when 

examining the rationale behind microdevice design. Orally administered drugs face a sequential 

set of barriers to systemic drug uptake as outlined in Figure 1.1. Following oral administration, 

drugs encounter pH values ranging from 1.5 to 3.5 and digestive enzymes in the stomach and are 

subsequently exposed to pH values of 5 to 7 and additional proteolytic and metabolic enzymes in 

the small intestine.26 After entering the small intestine, the primary site of drug and nutrient 

uptake, drugs must then pass through a hydrophobic mucous membrane composed of a motile 

layer moving in contact with an underlying firmly adherent layer.27 The motile mucus layer 

ranges between 100 and 500 μm in thickness, and the adherent mucus layer ranges from 0 to 20 

μm in thickness.28, 29 After penetrating the mucus layer, drugs must pass through the glycocalyx, 

an extracellular matrix approximately 0.5 to 1 μm thick composed of negatively charged 

glycoproteins, proteoglycans, glycosaminoglycans, and glycolipids.30, 31  
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Figure 1.1. Physiological barriers to drug uptake. Drug is first exposed to the low pH of the 

stomach, from which it enters the small intestine where it is exposed to metabolic and proteolytic 

enzymes. It must then pass through the motile and adherent mucus layers and subsequently 

permeate through the enterocyte monolayer by either the transcellular route, where transport 

proteins and additional enzymes are present, or the paracellular route through tight junctions 

between cells. Finally, drug must pass through the basement membrane and enter blood flow to 

the liver. 

 

Drugs must then pass through the polarized enterocyte monolayer by either paracytosis 

directly through enterocytes or transcytosis through junctions between enterocytes. Paracytosis 

involves permeation through the apical cell membrane into enterocytes and subsequent 

permeation through the basal cell membrane into the interstitium. Paracytosis occurs through 

both passive diffusion through the cell membrane and facilitated diffusion involving transporter 
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proteins or endocytosis.32-34 Within the cytosol of enterocytes, drugs are exposed to influx and 

efflux protein transporters differentially expressed on the apical and basal cell membranes as 

well as metabolic enzymes.35 The alternate pathway of transcytosis involves travel between cells 

through tight junctions, structures between closely associated cells composed of multiprotein 

complexes with pores approximately 1 to 3 nm in diameter.36, 37 This small pore size presents a 

significant obstacle to drug uptake, particularly for high molecular weight therapeutics. These 

barriers present a unique set of challenges not encountered in other routes of drug administration.  

 

1.4. Rationale for planar, asymmetric microdevices 

Like most previously developed oral drug delivery microparticulate systems made via 

precipitation methods, microdevices are designed on a scale small enough to fit within the 

features of the intestinal wall, which is made up of micron-sized folds and pits of the intestinal 

villi.38 Also, microdevices are designed to be large enough to prevent device uptake into cells 

through endocytosis. While microdevices are similar in size to many oral drug delivery 

particulate systems, conventional methods of microfabrication deliver precise and consistent 

dimensions of microdevices, resulting in much higher monodispersity in size and shape.23 In 

addition to providing monodispersity, microfabrication also provides the ability to create devices 

with custom shapes and dimensions. This ability has been utilized to design devices with a planar 

design that simultaneously address drug permeability barriers, drug degradation, and low drug 

solubility.  

To address issues with poor drug solubility and increase overall drug exposure, 

microdevices are designed to be relatively flat, providing multiple advantages for drug transfer. 

A flat shape increases the surface area in contact with the GI wall, improving adhesive properties 
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of the device.6 In addition, a flat microdevice shape decreases the shear force per mass on the 

devices as shown in Figure 1.2, preventing detachment of the device from the intestinal 

epithelium and further increasing residence time.39 To overcome a second major barrier to oral 

drug uptake, issues with drug permeability, microdevices are designed with reservoirs on only 

one side of the device, allowing drug to be released in only one direction. In addition to 

asymmetric shape, devices can be asymmetrically modified with targeting moieties, 

mucoadhesive materials, and micro- and nanotopography, providing selective binding of the 

device side from which drug will be selectively released.6 Thus, microdevices are designed to 

adhere to the mucosal or GI epithelial layer and release drug to enterocytes in a proximal, 

unidirectional manner as shown in Figure 1.2. Releasing drug directly toward the epithelial 

barrier rather than into the lumen provides a more efficient mechanism of drug release by 

decreasing the loss of drug downstream through the lumen and also increasing the exposure of 

the enterocytes to the drug. Furthermore, the unidirectional release of drug in a localized, high 

concentration at the device-intestinal wall interface creates a strong concentration gradient, 

thereby enhancing drug permeation across the intestinal enterocytes.39 This localized release of 

drug in high concentrations may also increase drug uptake through a second mechanism, as high 

drug concentrations may saturate metabolic enzymes and efflux transporters, in turn increasing 

the bioavailability of the drug.40 
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Figure 1.2. In contrast to spherical microparticles, planar, asymmetric microdevices 

provide proximal, unidirectional drug release and increased residence time in the GI tract. 

A planar microdevice shape reduces the force experienced from intestinal fluid flow (blue 

arrows) and increases surface area available for binding to epithelial tissue, increasing device 

adhesion to the lining of the GI tract and prolonging drug exposure. Devices can be 

asymmetrically fabricated with a drug reservoir on one side of the device, allowing for proximal, 

unidirectional release of drug (green) toward epithelial tissue. 

 

Finally, to address the third major barrier to oral drug uptake - drug degradation, 

microdevices are fabricated to include drug reservoirs that allow for sustained release of drug, 

thereby decreasing the exposure of drugs to harsh conditions of the GI tract relative to a bolus 

dose 6. With a variety of sustained drug release systems developed in the recent past for oral 

delivery, including pH-sensitive hydrogels,41-43 enteric coating,44 and degradable polymers, well 

established microfabrication techniques can be effectively used to incorporate microdevice 

reservoirs with these drug systems.39, 45-47 

In addition to delivery of drugs for systemic uptake, oral microdevices have the potential 

to treat diseases local to the GI tract including Crohn’s disease, inflammatory bowel disease 

(IBD), and irritable bowel syndrome (IBS). While the site of action of most therapeutics for GI 
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disorders is in intestinal tissue, many of these drugs in conventional large doses lead to severe 

systemic side effects.48, 49 For more efficient treatment of these diseases, microdevices could be 

modified to adhere to only the diseased GI tissue for localized delivery of drugs directly to the 

therapeutic target.50 Direct targeting of sites of inflammation could improve drug efficacy while 

reducing severity of side effects associated with therapies for diseases of the GI tract. 

 

1.5. Materials utilized for microdevice structure 

To prevent toxicity and inflammation, microdevices must be made from biocompatible 

material. The first systems of oral microdevices used standard semiconductor materials, 

including silicon oxide and porous silicon as the device material.21, 51 While silicon and silicon 

oxide have been found to be relatively non-toxic in some studies,52-54 they have also been 

associated with inflammation.55, 56 In order to overcome this issue, microdevice fabrication 

shifted towards the use of relatively non-toxic polymers, including hydrogels and biodegradable 

materials. Poly(methyl methacrylate) (PMMA), an FDA-approved polymeric material57 used in 

contact lenses and bone cement and also known to be stable at low pH values,6 has been utilized 

in numerous oral microdevice designs.45, 46, 58-61 Microdevices have also been fabricated from SU-

8, an epoxy-based negative photoresist originally developed as an ultra-thick photoresist.47, 62 

While SU-8 is not currently FDA approved, studies have shown that SU-8 is non-toxic as an 

implantable material.63-65 Other biocompatible polymers utilized for microdevice fabrication 

include chitosan,66 gelatin,67 poly(lactic-co-glycolic) acid (PLGA),66-68 polypropylene (PP),69 and 

poly(ethylene glycol) (PEG).39, 62, 66 The intrinsic biocompatibility, biodegradation, 

hydrophobicity, and structural properties of individual polymers can be tuned by adjusting the 
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chemical structure of the monomer(s) used in polymer synthesis, the molecular weight of the 

polymer, and/or the crosslinking density. 66, 70-72  

 

1.6. Techniques for micro- and nanofabrication of oral drug delivery devices  

A variety of fabrication methods, including photolithography, electron beam lithography, 

x-ray lithography, and soft lithography techniques are available for the fabrication of 

microdevices. The use of micro- and nanofabrication techniques for biological applications has 

been reviewed in detail elsewhere, 73-75 but this work will highlight a selection of techniques that 

are particularly useful for oral microdevice fabrication. Many studies to this date have utilized 

conventional photolithography techniques originally developed by the microchip industry for the 

fabrication of microdevices.21, 39, 45, 47, 60-62, 72, 74-77 Photolithography involves selective UV exposure 

of a photosensitive material, termed a photoresist, and is often followed by an etching step to 

transfer the photoresist pattern to a substrate. Typically, the substrate is spin-coated to form a 

thin film deposition, and a photoresist layer is spin-coated onto the substrate. The photoresist is 

then exposed to UV light through a mask created with custom patterns by computer-aided design 

(CAD), transferring the mask pattern through selective polymerization or cleavage of the 

photoresist in regions exposed to UV light, and non-polymerized or cleaved resist is removed by 

chemical development. The resist pattern can then be transferred to the substrate through either 

wet or dry etching processes with the resist acting to selectively protect regions of the substrate. 

In a straightforward fabrication technique, Tao et al. applied photolithography to fabricate 

microdevices from SU-8 in a two-step process.47 A layer of SU-8 was exposed to UV light to 

form a device base, and then a second layer of SU-8 was UV-exposed to form the walls of drug 

reservoirs. The use of SU-8 photoresist as the structural component of microdevices eliminates 
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the need for etching of a substrate material following UV exposure. To create microdevices from 

non-photoreactive materials, photolithography followed by reactive ion etching (RIE), a dry 

etching technique involving directional destruction of material by bombardment with chemically 

reactive plasma, has been employed. 45 As shown in Figure 1.3, Chirra and Desai used two series 

of steps each composed of photolithography followed by RIE with oxygen plasma to create 

microdevices with three reservoirs partially etched through the microdevice structure. 

 

 

Figure 1.3. Photolithography-based techniques for microfabrication of multi-reservoir 
PMMA devices. A. PMMA and, subsequently, photoresist are spin-cast onto a silicon wafer. B. 

A circular pattern is transferred from a UV-blocking photomask to the photoresist through UV-

induced cleavage. C. Reactive ion etching with oxygen plasma directionally destroys PMMA not 

protected by the photoresist pattern. D. Following photoresist removal and re-coating of a fresh 

resist layer, a reservoir-containing pattern is transferred to the photoresist by UV-exposure. E. 
Reactive ion etching is used to partially etch the PMMA layer to form drug reservoirs. F. 

Photoresist is chemically removed. 

 

While photolithography techniques are often expensive and require access to cleanroom 

facilities, soft lithography allows for replication of a hard patterned substrate to create an inverse 

pattern with a soft elastomer such as polydimethylsiloxane (PDMS). The patterned elastomer can 
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then be used as a master mold to repeatedly pattern a wide range of materials under standard 

laboratory settings. These patterned elastomers can be used as either a mold, to create devices 

from recessed regions, or as a stamp, which can be coated with material to create devices or 

patterned surface modifications in regions of contact.  Guan et al. have demonstrated a variety of 

soft lithography techniques that can be utilized to fabricate microdevices (Figure 1.4).66, 69, 70, 78 In 

one study, a micropillar PDMS stamp was coated with PPMA before bringing the stamp into 

contact with a glass slide coated with polyvinyl alcohol (PVA), creating PPMA microdevices in 

regions of contact (Figure 1.4A).69 In contrast, Guan et al. also used a microwell stamp to collect 

PPMA within recessed regions before bringing the stamp into contact with PVA-coated glass, 

creating microdevices from the wells of the microstamp (Figure 1.4B).69 In later studies, a 

mixture of PEGMA and PEGDMA was applied to a PDMS microwell stamp, allowing for 

microdevice formation through discontinuous dewetting (Figure 1.4C).66 As a result of the 

interactions at the interface of the polymer solution and the PDMS, the PEGMA/PEGDMA resin 

selectively collected in the microwells before UV exposure induced polymerization via a 

photoinitiator.66, 79 A number of other studies have utilized similar soft lithography techniques in 

the fabrication of microdevices.75, 80-84 
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Figure 1.4. Soft lithography-based techniques for microdevice fabrication. A. Microcontact 

printing can be utililized for fabrication of microdevices in regions of contact of PVA with 

micropillar stamp with subsequent dissolution of PVA in water for device release. B. Fabrication 

of microdevices from recessed regions of microwell stamp. The stamp was brought into contact 

with glass to remove PPMA from non-microwell regions before bringing the remaining PPMA 

into contact with PVA. C. Discontinuous dewetting utilized to selectively collect resin before 

UV-induced polymerization. Microdevices were then brought into contact with PVA with 

subsequent dissolution in water for device release. 

 

Currently, only a select number of microparticulate drug delivery systems have 

incorporated nanostructures to enhance oral drug delivery.85-87 As microdevice design advances, 

future studies may apply a wide range of nanofabrication techniques to microdevice design as 

nanotopography has been shown to enhance muco- and cytoadhesion and interact with epithelial 

cells to enhance drug permeability.87, 88 However, resolutions below 100 nm are difficult to 

achieve with UV-based photolithography due to the diffraction limit of light.89 For fabrication of 

devices with nanoscale features, nanofabrication techniques are required. One such technique, X-
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ray lithography, uses electromagnetic radiation with wavelengths ranging from 0.5 to 4 nm and is 

capable of achieving resolutions approaching 20 nm.90-92 Similar to UV lithography, X-ray 

lithography uses an X-ray source such as a synchrotron or laser-induced plasma generator to 

irradiate X-ray-sensitive material through an X-ray absorbing mask.90, 92 Maskless lithography 

techniques, including electron beam, ion beam, and dip-pen lithography are also available for 

nanofabrication. Electron beam lithography directs a beam of electrons to create a pattern on a 

material sensitive to electron irradiation, which is later developed or etched to form features on 

the irradiated material or an underlying substrate.93 Similarly, ion beam lithography utilizes a 

focused beam of ions to either remove a substrate material or deposit a dissociated precursor 

material onto the substrate.94 Dip-pen lithography adapts a scanning atomic force microscopy 

probe to direct inorganic or biological ink molecules across a substrate where they subsequently 

adsorb.95 Because maskless techniques require low throughput de novo pattern creation, they are 

often used to create a master mold, which is then used to transfer the inverse pattern to other 

materials through nanoimprinting.96-99 In addition, templating of polymeric material with 

nanoporous membranes provides high-throughput fabrication of nanowire arrays.100, 101 In 

template synthesis, a polymer is exposed to a nanoporous membrane at a temperature greater 

than the polymer’s glass transition temperature. The polymer is incorporated into the membrane, 

and the membrane is then selectively dissolved, leaving the polymer with the inverse nanowire 

array. Membrane selection provides control over the nanowire diameter and spacing, and 

templating time and temperature are adjusted to control nanowire length.  
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1.7. Strategies to increase micro/nanofabricated oral drug delivery device adhesion 

 The GI tract presents unique barriers and micro/nanoscale features that can be addressed 

by oral drug delivery systems. Micro- and nanofabrication approaches provide precise control 

over device geometry, surface modification, material composition, symmetry, and size, all of 

which can be used to design drug delivery systems for specific interactions with GI tract tissue. 

One particular interaction that is advantageous for oral drug delivery is bioadhesion, as adhesion 

to GI tract enhances drug uptake by 1) prolonging device residence time and drug exposure and 

2) allowing for release of drug in high concentrations proximally to epithelial tissue for enhanced 

permeation effects.20, 21 Drug delivery platforms can be fabricated to adhere to the lining of the 

GI tract via geometric, mechanical, biochemical, nanotopographical and/or motion-based 

approaches.102, 103 To promote adhesion to specific regions of the GI tract, these approaches may 

utilize bioresponsive “smart” materials or be used in combination with other targeting 

technologies such as enteric coating. 

 Microscale drug delivery systems are capable of enhanced adhesion over macroscale 

drug delivery systems as a result of their high surface-area-to-mass ratio and ability to become 

entrapped within the microscale villi 6. Geometry-based approaches can further promote device 

adhesion by utilizing a flat or planar device shape that is typical of microdevices for oral drug 

delivery.21, 39, 45, 46, 60, 62, 104 As shown in Figure 1.2, a planar geometry promotes adhesion by 1) 

increasing the contact area available for interaction with the epithelial lining of the GI tract and 

2) decreasing the force exerted on the devices from the fluid flow in the GI tract.20, 21 Furthermore, 

microdevices can be fabricated asymmetrically with a drug reservoir on only one side of the 

device, providing unidirectional drug release to create a steep concentration gradient to increase 

drug permeation. Tao et al. investigated the effect of device geometry on adhesion by incubating 
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planar, asymmetric devices with dimensions of 150 × 150 × 5 µm over a monolayer of Caco-2 

intestinal epithelial cells and exposing the devices to multiple washing steps.46 After washing, 

68% of the planar microdevices remained adhered while 17% of poly(methyl methacrylate) 

(PMMA) microspheres of similar surface area remained adhered. When loaded with the model 

drug fluorescein and added to a Caco-2 monolayer under flow conditions, these devices 

increased permeation of drug 10-fold over that of a bolus dose.39 Furthermore, Chirra et al. 

demonstrated the effect of planar device geometry on adhesion in vivo.104 When PMMA 

microdevices 200 µm in diameter and 8 µm in thickness were administered to mice, they showed 

27% retention in the proximal small intestine after 2 hours while PMMA microspheres of similar 

surface area demonstrated 12% retention.104 When loaded with drug, the planar PMMA 

microdevices provided a four-fold increase in oral bioavailability of acyclovir, a 

Biopharmaceutics Classification System (BCS) class III poorly permeable drug, relative to that 

of a bolus dose. 

 



 16 

 

Figure 1.5. Micro- and nanofabrication-based approaches to enhance bioadhesion. A. A 

planar device geometry for increased surface area available for interaction with epithelial tissue 

and decreased force from intestinal fluid flow.104 B. Lectin (green) surface modification to 

promote bioadhesion of the side of devices with drug reservoirs (blue) for unidirectional drug 

release.45 C. Silica nanowires coating silicon microparticles provide increased surface area, 

promoting muco- and cytoadhesion.85 D. Bilayered microdevices before (i) and after (ii) 

exposure to water. Microdevice folding is designed for mechanical attachment to intestinal 

mucosa.66 E. Micromotors consisting of a zinc core encased within a polymeric microtube react 

with gastric acid, propelling the micromotors for entrapment within the stomach lining (1 s 

intervals, i-iii).103 Images reproduced with permission. 
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In addition to providing geometry-mediated enhancement in bioadhesion, micro and 

nanofabricated oral drug delivery platforms can be surface modified with bioadhesive 

compounds to promote adhesion. Microdevices are typically fabricated on a silicon wafer or 

other substrates, facilitating asymmetric functionalization of exposed device regions.22 This 

asymmetric surface modification can be used to promote binding of the drug-releasing side of the 

device, providing unidirectional drug release toward epithelial tissue.20, 21 Lectins, carbohydrate-

binding proteins capable of binding to glycosylated proteins and cell membrane components to 

provide muco- and cytoadhesion,14 have been functionalized onto drug delivery systems to 

promote adhesion to the lining of the GI tract.6, 46, 60, 104-107 PMMA microdevices modified with 

tomato lectin (Figure 1.5 B), which binds selectively to the epithelium of the small intestine,108 

demonstrated 92 ± 4% retention in an in vitro Caco-2 adhesion assay, whereas devices lacking 

modification showed 29 ± 9% retention.60 In vivo, lectin-conjugated PMMA microdevices 

showed 41% retention in the proximal small intestine of mice two hours following oral 

administration as opposed to 27% for bare devices.104 Biochemical adhesion utilizing high-

affinity interactions between a targeting ligand and specific moieties can provide highly specific 

binding to the small intestine or diseased tissue. However, one drawback to the use of 

biomolecules and other surface modifications to promote adhesion is degradation as a result of 

the low pH of the stomach and proteolytic and metabolic enzymes throughout the GI tract.109 

Therefore, molecular stability must be considered for surface modification of oral drug delivery 

platforms. 

Topography-mediated adhesion presents an alternative approach to promote bioadhesion 

that is dependent upon geometry rather than degradable surface modifications. By increasing 

surface area, micro- and nanofeatures increase the interfacial surface adhesion.110-113 Cylindrical 
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pills coated with microneedles designed for physical penetration of epithelial tissue to increase 

drug permeation are also likely to provide the additional benefit of increased adhesion to the GI 

tract.114 As with asymmetric surface functionalization, asymmetric topographical modifications 

have potential to promote unidirectional drug release toward epithelial tissue. In an example of 

hierarchical microdevice structure, multi-layer fabrication was employed to modify one surface 

of 150 × 150 µm microdevices with microposts 10 µm in diameter.67 In an alternate approach, 

bottom-up nanofabrication approaches have been employed to create nanoengineered 

microparticles (NEMPs) consisting of silicon oxide nanowire-coated silicon microparticles for 

oral drug delivery (Figure 1.5 C).85-87, 100, 115 Following contact with an epithelial layer, the 

nanowire coating of these microparticles interdigitated with the microvilli on the surface of the 

epithelial cells.100 The NEMPs showed a 100-fold increase in required lift-off force from an in 

vitro epithelial monolayer relative to unmodified microparticles.100 In vivo, the retention time of 

the NEMPs in the GI tract following oral administration was 10-fold that of bare 

microparticles.85 While NEMPs can be fabricated with a relatively planar shape for enhanced 

adhesion,86 the fabrication approaches used for NEMP fabrication do not allow for asymmetric 

nanowire functionalization for unidirectional drug release or use of highly biocompatible 

polymers. However, the techniques of photolithography and nanotemplating were recently 

combined to asymmetrically coat PMMA microstructures with polycaprolactone (PCL) 

nanowires.116 While not yet applied to oral drug delivery, this approach has potential to combine 

the benefits of asymmetric, planar microdevices with nanowire-mediated adhesion while 

utilizing polymers with FDA approval for medical applications.117, 118 

As an alternative to surface modification, a number of mucoadhesive materials including 

alginate,119, 120 chitosan and chitosan derivatives,121-123 hyaluronic acid,124, 125 gelatin,126, 127 cellulose 
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derivatives,128, 129 and a number of synthetic polymers130 are available for use as a bulk material in 

fabrication of oral drug delivery systems. Among these materials, chitosan has been highly 

utilized in a number of oral drug delivery systems, including chitosan-based micro- and 

nanoparticulate drug delivery systems,131-136 chitosan-drug conjugates,137, 138 and chitosan 

macroscale patches.139, 140 Chitosan is an attractive material for micro/nanofabricated platforms as 

it is compatible with a number of microfabrication approaches,141, 142 is stable through pH values 

relevant to GI physiology,143 and has been utilized in microfabricated oral drug delivery 

systems.66, 70 

While device surface modifications including biochemical and nanotopographical cues 

are capable of interacting with epithelial tissue to enhance cytoadhesion and drug permeability, 

the mucus layer may prevent direct interaction between nanofeatures and epithelial cells. 

Mechanical and motion-based adhesion approaches may provide a mechanism for microscale 

devices to penetrate through the mucus layer and directly contact epithelial tissue. 

Microscale drug delivery systems can be designed to mechanically respond to the 

environment of the GI tract to promote adhesion. Self-folding devices have been developed to 

respond to solvent exposure,66, 70 temperature,144, 145 pH,70 and ionic strength.146 Self-folding 

properties have been incorporated into microscale oral drug delivery systems to promote 

mechanical attachment to the lining of the GI tract. For example, Guan et al. fabricated bilayered 

devices consisting of chitosan and a copolymer of poly(ethylene glycol) methacrylate (PEGMA) 

and poly(ethylene glycol) dimethacrylate (PEGDMA) which used differential swelling to fold 

upon exposure to water (Figure 1.5 D)70 Similar bilayered devices composed of crosslinked 

poly(methacrylic acid) (PMAA) and poly(hydroxyethyl methacrylate) (PHEMA) were capable 

of mechanical attachment to excised pig intestinal mucosa,66 and demonstrated enhanced 
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mucoadhesion, lower drug leakage into luminal space, and improved unidirectional delivery, 

resulting in improved drug transport across excised porcine mucosal epithelium.102 While these 

self-folding devices have not demonstrated specificity in binding to the small intestine or other 

regions of the GI tract, alternative bioresponsive materials could be utilized to respond to pH or 

other cues for more specific targeting. Alternatively, these self-folding devices could be 

combined with other targeting technologies such as enteric capsules to release these devices at 

the desired region of the GI tract. 

In an alternate approach involving motion-based adhesion, a number of technologies for 

chemically induced locomotion have been developed.147-152 Gao et al. applied this technology to 

oral drug delivery systems by developing a pH-responsive micromotor approach to enhance 

device adhesion and payload delivery to the lining of the mouse stomach (Figure 1.5 E).103 Their 

design of micromotors consisting of a zinc core encased within a poly(3,4-

ethylenedioxythiophene) (PEDOT) microtube was then tested in mice by oral administration. 

Upon exposure to the low pH of the stomach, the zinc core reacted to form hydrogen gas, 

propelling the micromotors into the lining of the stomach, enhancing binding and retention of the 

devices and delivery of gold nanoparticles to the stomach wall. The reaction of these 

micromotors to low pH environments makes them ideal for promotion of stomach-specific 

adhesion. However, different compounds will need to be incorporated into the micromotor core 

to improve adhesion in other regions of the GI tract with higher pH values. 

 

1.8. Efficacy of microdevices in vitro and in vivo 

 Within the last few years, the utilization of semi-conductor industry principles to 

fabricate oral microdevices has advanced leaps and bounds. Yet, the testing of these devices in 
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improving the overall efficacy of most therapeutics is still at its relative infancy. Recent studies 

related to in vitro drug release and permeation have been done over monolayers of Caco-2 

epithelial cells using Transwell® inserts. Ainslie et al. showed that the localized high 

concentration of drug at the device-cell interface resulted in an enhancement of drug permeation 

across the Caco-2 monolayer under physiological fluid flow, with a ten-fold increase in 

fluorescein permeation when released from microdevices relative to fluorescein free in 

solution.39 Also, a sequential release of different sized drugs, insulin and camptothecin, was 

achieved with the use of a dual layered hydrogel system that was present in microdevices made 

up of a single reservoir.20 While sequential release can be harnessed to improve drug 

bioavailability by first releasing a permeation enhancer followed by the drug of interest, the 

release kinetics of the drug are co-dependent on the release kinetics of the permeation enhancer 

from its respective top hydrogel layer. To overcome this co-dependence issue, Chirra et al. used 

multiple reservoirs that can be filled with different drugs using different hydrogel/biodegradable 

polymeric systems.45 Figure 1.6B shows the independent release of multiple model fluorophore-

tagged BSAs from respective reservoirs as shown in Figure 1.6A. Such a device system can be 

used to release permeation enhancers, proteolytic enzyme inhibitors, and drugs of interest at 

independent rates and release times, thereby making oral microdevices effective for increasing 

drug efficacy as well as for combinatorial therapy. The Desai Lab also used Caco-2 monolayer 

coated parallel plate flow chambers to study the extent of oral microdevice retention under GI 

flow conditions. They have shown that 93% of tomato lectin microdevices remain attached to the 

cell surface under one hour of physiological shear conditions after initial binding, indicating that 

microdevices are capable of remaining attached to GI tissue for extended periods of time under 

physiological conditions.20 
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Figure 1.6. Microdevices loaded with multiple drugs with separate release profiles. A. 

Fluorescent image demonstrating separate drug loading of each microdevice reservoir with 

device shape outlined in white. Scale bar is 100 μm. B. Custom release profiles for each drug 

controlled by hydrogel crosslinking density. Reproduced with permission. 45 

 

The several advantages of using asymmetric planar oral microdevices including 

unidirectional release to avoid luminal drug loss, increased contact surface area and reduced 

shear stress with a planar design, and selective modification of reservoir side of device to 

introduce muco- or cytoadhesive properties were recently tested in vivo. Our lab observed that 

upon oral administration to mice, PMMA microdevices having the same contact surface area as 

that of symmetric PMMA microparticles have a 27% retention in the proximal small intestine 

after 2 hours due to the relatively low shear stress experienced by the thin device side walls, as 

compared to a retention of 12% for the curvilinear microparticles.76 Also, a further enhancement 

of microdevice retention to 41% was observed after conjugation of the bioadhesive protein lectin, 

which targeted the intestinal epithelial cell wall. We have shown that with the help of 
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microdevices, even the poorly permeable drug Acyclovir had a five-fold increase in oral 

bioavailability in mice as compared to that of a conventional solution of Acyclovir of same 

dosage.76 This enhancement of oral bioavailability drastically reduces the overall dosage needed 

for effective therapy. Such a reduction in dosage with improved bioavailability proves vital in 

significantly alleviating issues of systemic side effects, thereby opening up oral administration to 

an array of toxic and expensive therapeutics. While most of the recent in vivo work was done 

using small molecule drugs, microdevices can be applied to the oral delivery of macromolecules 

and high-efficacy low-dosage drugs (e.g. Leuprolide, human growth hormone, etc.). Detailed 

studies on improving drug loading, dosage optimization, improved protection against GI 

environment, sustained release for systemic delivery, targeted attachment, and GI pathology 

oriented localized delivery are currently underway and are of much interest for future work. 

Therefore, the use of microfabricated planar oral devices holds promise in augmenting the range 

of oral therapeutics used, while solving pharmacokinetic issues associated with low permeability 

and avoiding systemic side effects. 

 

1.9. Conclusion 

The GI tract presents a complex set of physiological barriers that limit drug uptake. 

Micro- and nanotechnology provide flexibility in microdevice design, allowing for fabrication of 

drug delivery platforms that specifically address these barriers. The efficacy of 

micro/nanofabricated oral drug delivery systems may be enhanced by incorporating 1) tunable 

and/or responsive drug reservoir polymers for targeted release of intact drug, 2) adhesive 

polymers, surface modifications, and topographies to enhance adhesion, and 3) chemical and 

topographical permeation enhancers to increase drug permeability. With recent success in vivo, 
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these technologies show promise for clinical trials. However, many of the top-down approaches 

used to fabricate these platforms for proof of concept are low-throughput and expensive relative 

to bottom-up fabrication techniques. To scale these technologies to the clinic, efficient, low-cost 

fabrication and drug loading approaches are being developed. Furthermore, to maximize cost-

efficiency, these platforms may be used with highly potent drugs to minimize the number of 

devices required per dosage. As micro- and nanofabrication approaches continue to incorporate 

new technologies, future micro/nanofabricated oral drug delivery systems may combine smart 

materials, bioadhesive functionalization, nanotopography, planar shape, asymmetric design, 

and/or motion-based responses to address the many barriers to oral drug uptake in a manner not 

possible with conventional technologies. While a relatively unexplored concept, the 

incorporation of nanotopography is particularly promising as it has potential to enhance device 

adhesion, drug loading, and epithelial permeability. 
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Chapter 2 – Fabrication of Micropatterned Polymeric Nanowire Arrays for High-

Resolution Reagent Localization and Topographical Cellular Control 

 

2.1. Abstract 

Coating the surface of microdevices with nanotopography has a number of possible 

advantages for oral drug delivery, including enhance device bioadhesion, efficient drug loading, 

and enhanced drug permeability via disruption of cell-cell junctions. However, techniques for 

scalable incorporation of nanoscale features onto microstructures are not available. Herein, we 

present a novel approach for the fabrication of micropatterned polymeric nanowire arrays that 

addresses the current need for scalable and customizable polymer nanofabrication. We describe 

two variations of this approach for the patterning of nanowire arrays on either flat polymeric 

films or discrete polymeric microstructures and go on to investigate biological applications for 

the resulting polymeric features. We demonstrate that the micropatterned arrays of densely 

packed nanowires facilitate rapid, low-waste drug and reagent localization with micron-scale 

resolution as a result of their high wettability. We also show that micropatterned nanowire arrays 

provide hierarchical cellular control by simultaneously directing cell shape on the micron scale 

and influencing focal adhesion formation on the nanoscale. This nanofabrication approach has 

potential applications in scaffold-based cellular control, biological assay miniaturization, and 

biomedical microdevices for oral drug delivery. We go on to fabricate nanowire-coated 

microdevices and demonstrate that the nanowires provide efficient drug loading and enhance 

device bioadhesion, indicating that nanowires may enhance the properties of oral drug delivery 

devices. 
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2.2. Introduction 

While nanofabricated microdevices are a promising technology for oral drug delivery, 

there is a need to develop new fabrication approaches to create such devices in a scalable manner. 

Furthermore, substrates that contain micro- and nanoscale features are important for a number of 

additional biological applications. For example, topographical cues at the micro- and nanoscale 

can direct cellular behavior,153, 154 micro- and nanoarrays provide high-throughput biological 

analysis,155-157 and micro- and nanoscale devices can enhance drug uptake and localization.87, 158-

160 However, nanofabrication techniques are restricted in either pattern customization or 

throughput, limiting their application and/or scalability in biotechnology.154 While direct-write 

fabrication approaches, including electron beam, focused ion beam, and dip pen lithography, 

provide custom polymer patterning on the nanoscale161, 162 with electron beam lithography 

capable of sub-10 nm resolution under ideal conditions,163 these techniques require sequential 

formation of individual nanoscale features, limiting throughput and scalability and increasing 

cost.154 These drawbacks are mitigated in the technique of nanoimprint lithography (NIL), in 

which multiple resists or substrates can be mechanically deformed by a nanopatterned mold, 

thereby increasing throughput.164 However, molds for NIL are typically fabricated with low-

throughput direct-write techniques and have limited lifetimes.165, 166 Conversely, bottom-up 

nanofabrication approaches, including block copolymer self-assembly, nanosphere lithography, 

and nanoporous membrane-based templating, provide high-throughput, scalable fabrication of 

polymeric nanofeatures with tunable dimensions but do not typically allow for custom 

patterning.167-169 Therefore, there is an unmet need for scalable, customizable fabrication 

techniques for cost-effective application of nanofabrication to biotechnology. 
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Efficient approaches to polymer nanofabrication may be particularly advantageous in the 

scale-up of nanotopographical tissue scaffolds. Because micro- and nanotopography influence 

cellular adhesion, alignment, shape, proliferation, and differentiation,153, 154, 170 topographical cues 

incorporated into cellular scaffolds are capable of controlling a wide range of cellular behaviors. 

Many studies have found that anisotropic and/or hierarchical patterning is essential in achieving 

the intended cellular effects.170-177 The enhanced control provided by hierarchical structures is not 

surprising, as cells are influenced both on the microscale by contact guidance and on the 

nanoscale through direct interaction of cellular receptors with external physical cues.178-180  

Hierarchical substrates may also have utility for micron-scale reagent and drug loading of 

miniaturized biological assays and biomedical microdevices. A number of techniques have been 

utilized to load micron-scale reservoirs, including photolithography, inkjet printing, and 

supercritical polymer impregnation,45, 181-183 but no approach is capable of both highly scalable 

and low-waste drug loading.184 As a result of dramatically increased surface area, densely packed 

nanowires are capable of providing super-hydrophilic surfaces with extreme wettability.185, 186 

Super-wettable nanowire arrays have been used to enhance drug loading capacity87, 187-189 but 

have not been applied for custom, spatially controlled drug localization. We hypothesize that 

micropatterned nanowire arrays can provide rapid, low-waste reagent and drug localization with 

micron-scale resolution. 

To address the need for customizable, scalable nanofabrication, we developed a non-

sequential approach to fabricate polymeric nanowire arrays with custom micropatterns and 

tunable nanowire dimensions. We utilized two variations of this approach to pattern nanowire 

arrays over either flat polymeric films, for applications in tissue engineering and microarray 

technology, or on discrete polymeric microstructures, for applications in biomedical microdevice 



 28 

technology. We went on to investigate the ability of these micropatterned nanowire arrays to 1) 

provide efficient drug/reagent localization with micron-scale resolution, 2) influence cellular 

behavior through both micro- and nanoscale interactions, and 3) increase device bioadhesion. 

 

2.3. Methods 

 

2.3.1. Micropatterned nanowire array fabrication 

Unless otherwise noted, all materials were purchased from Sigma-Aldrich (St. Louis, 

MO.) Micropatterned PCL nanowire arrays on PMMA films were fabricated by spin-coating a 

nanoporous AAO membrane (GE Healthcare, Piscataway, NJ) with Microposit S1818 positive 

photoresist (MicroChem, Westborough, MA) at 2500 rpm for 30 s with a ramp speed of 1000 

rpm/s. The photoresist was baked at 110 °C for 1 min. and allowed to cool. The photoresist was 

then exposed to 225 mJ/cm2 of 405 nm UV light through a computer-designed photomask with 

grooves with 10, 20, 40, or 80 μm widths and equal spacing or other various micropatterns. The 

micropatterned AAO membrane was then submerged in 351 Developer (MicroChem) for 1 min. 

with gentle shaking, rinsed with dH2O, and allowed to dry. Separately, a silicon wafer was 

coated with a 110 mg/mL solution of 950 kDa PMMA in anisole (MicroChem) at 350 rpm for 15 

s followed by 1400 rpm for 30 s and baked at 110 °C for 1 min. The resulting 5 μm PMMA base 

layer was coated with an overlying layer of PCL (Mn = 80 kDa, Sigma-Aldrich) 5, 10, or 15 μm 

in thickness. The 5, 10, and 15 μm PCL layers were obtained by spin-coating 50 to 150 mg/mL 

PCL in 2,2,2-trifluoroethanol (TFE) at 1000 to 2000 rpm for 30 s following a pre-spin at 500 

rpm for 10 s. The PCL was then brought into contact with the micropatterned side of the AAO 
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membrane and heated to 80 °C for 5 min. After uptake of melted PCL into pores of the AAO 

membrane in regions not coated with photoresist, the AAO membrane and photoresist were 

selectively dissolved in 0.5 M NaOH for 1 h to expose the PCL nanowires. Finally, the features 

were rinsed 5 times with dH2O. For cell culture experiments, the film was peeled from the silicon 

wafer prior to sterilization.  

To fabricate nanowire arrays on discrete PMMA microstructures, a 110 mg/mL solution 

of 950 kDa PMMA in anisole (MicroChem) was spin-coated onto a silicon wafer at 350 rpm for 

15 s followed by 1400 rpm for 30 s and baked at 110 °C for 1 min. The PMMA layer was coated 

with Microposit S1818 positive photoresist at 500 rpm for 10 s followed by 2500 rpm for 30 s 

and baked at 110 °C for 1 min. The photoresist was then exposed to 225 mJ/cm2 of 405 nm UV 

light through a computer-designed photomask with arrays of opaque squares with 10, 20, 40, or 

80 μm edge lengths and equal spacing or other various micropatterns. The wafers were then 

submerged in 351 Developer for 1 min. with gentle shaking, rinsed with IPA, and dried with 

nitrogen. The photoresist pattern was then transferred to the PMMA layer by reactive ion etching 

with oxygen plasma (450 W, 200 mTorr, 6.5 min.) to form PMMA microstructures. The 

remaining photoresist was stripped with Microposit Remover 1112A (MicroChem) for 1 min. 

under gentle shaking. The PMMA features were then heated to 80 °C and brought into contact 

with PCL spun-cast onto a separate wafer at thicknesses of 5, 10, or 15 μm, and the wafers were 

separated. The PCL-coated features were templated with an AAO membrane at 80 °C for 5 min., 

and the membrane was subsequently etched in 0.5 M NaOH for 1 h. Finally, the features were 

washed 5 times with dH2O. 
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2.3.2. Non-templated, micropatterned PCL film fabrication 

 SU-8 2005 (MicroChem) was spun-cast onto a silicon wafer at 500 rpm for 10 s followed 

by 5000 rpm for 30 s and baked at 95 °C for 1 min. The SU-8 was then exposed to 365 nm UV 

light at 100 mJ/cm2 through a photomask with 10 μm grooves with equal spacing and baked at 

95 °C for 2 min. The wafer was developed in SU-8 Developer (MicroChem) for 1 min under 

gentle shaking, rinsed with IPA, and dried with nitrogen. Sylgard 184 (Sigma-Aldrich) 

polydimethylsiloxane (PDMS) was mixed and de-gassed according to the manufacture’s 

instructions and poured over the SU-8 mold. After de-gassing under vacuum for an additional 30 

min, the PDMS was cured at 100 °C for 1 h, allowed to cool, and peeled from the SU-8 mold. A 

100 mg/mL solution of 80 kDa PCL in TFE was then poured over the PDMS mold and allowed 

to cure overnight at room temperature. The PCL film was submerged in 200-proof ethanol, 

peeled from the PDMS mold, and treated with 0.5 M NaOH for 1 h prior to sterilization for cell 

culture. 

 

2.3.3. Measurement of AAO membrane pore diameter and density and PCL nanowire 

diameter 

Cross sections of Whatman Anodisc® AAO membranes with nominal pore diameters of 

0.02, 0.1, and 0.2 μm and nanowires resulting from templating PCL with these membranes were 

imaged with SEM, and the images were analyzed with ImageJ software to measure the average 

diameters of the AAO pores and PCL nanowires. Fifty measurements were made for each 

sample. Pore density of AAO membranes with 200 nm nominal pore sizes were determined by 

imaging five 2 μm × 2 μm regions of the AAO surface and counting the number of pores in each 

region, including overlapping pores on the bottom and left edges of the region and excluding 
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overlapping pores on the right and top edges of the region. Mean values were reported with 

standard deviation. 

 

2.3.4. Contact angle measurements 

 Contact angle measurements were performed with a Rame-Hart Standard Goniometer 

(Model 200-F4). Water (5 μL) was dispensed onto films with surfaces consisting of untemplated 

PCL, untemplated PCL treated with 0.5 M NaOH for 1 h (to match NaOH treatment for AAO 

membrane etching), and PCL nanowires with and without pre-wetting. Pre-wetting consisted of 

submerging the membanes in water for 1 min, spinning the films at 2000 rpm for 5 s to remove 

excess water, and imaging droplets within 1 min after spinning. Contact angles were measured 

on both sides of each droplet for 3 droplets per sample with DROPimage Standard software, and 

mean contact angles were reported with standard deviation. 

 

2.3.5. Drug and reagent localization  

PMMA microstructures coated with either non-templated PCL or PCL nanowires were 

wetted with FITC-BSA and FITC-dextran (average MW = 10 kDa) in dH2O and Oregon Green – 

paclitaxel and Nile red in ethanol at 5 μg/cm2. The microstructures were then inverted and 

allowed to dry at room temperature. Arrays coated with non-templated PCL were fabricated in 

an identical manner to arrays coated with nanowires, except the templating step was omitted. 

PCL nanowire arrays on PMMA films were loaded in an identical manner to PMMA 

microstructures. All arrays used for drug localization were fabricated using PCL thicknesses of 

10 μm. Z-stacks of drug/reagent-loaded features were captured at 1 μm intervals, capturing the 
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entire microarray structures and wafer base layer, with a spectral confocal microscope. 

Drug/reagent localization was also observed with a conventional fluorescence microscope. 

Three-dimensional reconstruction of confocal images was performed with ImageJ software. 

Localization efficiency was calculated by merging Z-stacks into a single image according to 

average intensity and quantifying fluorescence intensity with ImageJ. Specifically, localization 

efficiency was calculated as the ratio of fluorescence intensity integrated over microstructured 

regions to the total fluorescence intensity integrated over the entire region analyzed. Localization 

efficiencies were reported with standard deviation. 

 

2.3.6. Cell culture, staining, and imaging 

PMMA-PCL films with PCL layers 5 μm in thickness were templated with AAO 

membranes patterned with grooves 10 μm in width and spacing. These films had nanowires 

approximately 5 μm in length as calculated from SEM images, accounting for the 45° imaging 

angle. Non-templated PCL, non-patterned nanowire array (fabricated without lithography steps), 

and micropatterned non-templated PCL (grooves 10 μm in width and 5 μm in height) films were 

used as controls, with all films incubated in 0.5 M NaOH for 1 h to avoid differences in PCL 

surface treatment. Prior to cell seeding, the films were rinsed with dH2O 5 - 10 times and then 

incubated in a 70% ethanol solution for 5 min. The films were then rinsed in dH2O and allowed 

to dry under sterile conditions. The films were seeded with NIH/3T3 cells (ATCC, Manassas, 

VA) in DMEM (ATCC) medium supplemented with 10% fetal bovine serum and 1× Penicillin-

Streptomycin at a density of 5000 cells/cm2. Following two days of cell culture, cells were fixed 

with 4% paraformaldehyde, permeabilized in 1% Triton X, and blocked in 1% BSA in PBS. The 

cells were then stained for vinculin with polyclonal anti-vinculin antibodies produced in rabbit 
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(Sigma-Aldrich) diluted 100-fold in 1% BSA in PBS followed by Alexa Fluor® 647 anti-rabbit 

IgG antibodies produced in goat (Invitrogen) diluted 200-fold in 1% BSA in PBS. The cells were 

also stained with Alexa Fluor® 488 Phalloidin (Life Technologies) and DAPI (Invitrogen) and 

mounted for fluorescence imaging. To quantify cellular elongation, at least three separate regions 

of cells were selected for each sample, and the distance between the two furthest points of each 

fully visible cell as determined from actin staining was quantified using ImageJ. To quantify 

cellular alignment, the angle of the line formed by these points relative to the horizontal axis of 

the images (which was aligned to microgrooves, if present), was determined using ImageJ, and 

results were plotted in polar histograms with bins of 30° ranges. 

 

2.3.7. Caco-2 flow cell adhesion assay 

An epithelial flow cell adhesion assay was performed as previously outlined85, 100, 190, 191 

with minor modifications. Briefly, approximately 400 microdevices, either with PCL nanowires 

or flat, sodium hydroxide-treated flat PCL as a control, 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 PBS was 

passed through the flow cell at increasing flow rates in a stepwise fashion, achieving fluid shear 

stress values of 0.1, 0.5, 1, 5, 10 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. 
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2.4. Results 

 

2.4.1. Micropatterned nanowire array fabrication and characterization 

Our fabrication approach employed polymer templating, a rapid and inexpensive 

nanofabrication technique that involves extruding a polymer into a nanoporous membrane and 

subsequently etching the membrane to expose polymeric nanowires.168, 192, 193 Previous studies 

have micropatterned templated nanowire arrays by scraping with a microstructured tool to 

remove nanowires in regions of contact and create grooved arrays 400 μm in width separated by 

60 μm gaps,194 but no techniques are currently available for custom two-dimensional patterning 

of nanotemplated arrays. For custom nanowire array micropatterning and enhanced resolution, 

we combined templating and photolithographic techniques. As shown in Figure 2.1, two 

approaches were used to fabricate polycaprolactone (PCL) nanowire arrays on either a flat 

polymethyl methacrylate (PMMA) film or on discrete PMMA microstructures. PMMA is a 

common material in FDA-approved orthopedic implants,195 and PCL is a polymer used in FDA-

approved sutures and drug delivery devices and has been shown to facilitate cellular adhesion 

and growth.101, 196 

To form micropatterned PCL nanowire arrays on PMMA films (Figure 2.1A), a 

nanoporous anodized aluminum oxide (AAO) membrane (GE Healthcare, Piscataway, NJ) was 

spun-cast with Microposit S1818 positive photoresist (MicroChem, Westborough, MA) and 

patterned via photolithography with grooves of 10, 20, 40, or 80 μm widths and equal spacing or 

other various micropatterns. The patterned side of the AAO membrane was then brought into 

contact with a silicon wafer spun-cast with a PMMA base layer and an overlying layer of PCL 5, 

10, or 15 μm in thickness and heated to 80 °C, above the melting temperature of PCL but below 
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that of PMMA. After uptake of melted PCL into pores of the AAO membrane in regions not 

coated with photoresist, the AAO membrane and photoresist were selectively dissolved in a 0.5 

M sodium hydroxide solution for 1 h to expose the PCL nanowires.  

To form nanowire arrays on discrete PMMA microstructures (Figure 2.1B), PMMA and 

an overlying photoresist layer were spun-cast onto a silicon wafer, and the photoresist was 

patterned with arrays of squares with 10, 20, 40, or 80 μm edge lengths and equal spacing or 

other various micropatterns via photolithography. The photoresist pattern was then transferred to 

the PMMA layer by reactive ion etching with oxygen plasma to form PMMA microstructures. 

After chemically stripping the remaining photoresist, the PMMA features were heated to 80 °C 

and brought into contact with PCL spun-cast onto a separate wafer at thicknesses of 5, 10, or 15 

μm. Upon separation of the wafers, the PCL lifted off onto the PMMA features. Finally, the 

PCL-coated features were templated with an AAO membrane at 80 °C, and the membrane was 

etched in 0.5 M sodium hydroxide for 1 h.  
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Figure 2.1. Fabrication approaches to create micropatterned PCL nanowire arrays. A. 

Fabrication of micropatterned PCL nanowire arrays on PMMA films. (i) A nanoporous AAO 

membrane (gray) is spun-cast with positive photoresist (red) and patterned by exposure to UV 

light through a computer-designed photomask. Photoresist is cleaved in regions exposed to UV 

light, and these regions are selectively dissolved upon chemical development. (ii) The AAO 

membrane is inverted, and its micropatterned side is brought into contact with a layer of PCL 

(blue) deposited over a PMMA base layer (white) under heat, allowing PCL to melt and extrude 

into membrane pores in regions not coated with photoresist. (iii) The AAO and resist are 

selectively dissolved in an alkaline solution to expose the PCL nanowires. B. Fabrication of PCL 

nanowire arrays on PMMA microstructures.  (i) A layer of PMMA (white) spun-cast onto a 

silicon wafer (black) is spun-cast with positive photoresist (red), which is exposed to UV light 

through a computer-designed photomask. Photoresist is cleaved in regions exposed to UV light, 

and these regions are selectively dissolved upon chemical development. (ii) The photoresist 

pattern is transferred to the PMMA layer by anisotropic reactive ion etching with oxygen plasma. 

(iii) After stripping the photoresist, the PMMA microstructures are heated and brought into 

contact with PCL (blue) spun-cast onto a separate silicon wafer, bonding PCL in regions of 

contact. (iv) Upon separation of the wafers, the PCL lifts off onto the PMMA microstructures. 

(v) The PCL is melted and templated with an AAO membrane (gray). (vi) The AAO membrane 

is selectively dissolved in an alkaline solution to expose the PCL nanowires.  
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These fabrication approaches resulted in micropatterned arrays of densely packed PCL 

nanowires on either flat PMMA films or discrete PMMA microstructures (Figure 2.2). Both 

fabrication approaches had adequate resolution for all feature sizes tested (10 to 80 μm). 

Nanowires formed clusters approximately 1 to 10 μm in width, possibly as a result of capillary 

force during drying in preparation for SEM. The micropatterned nanowire arrays on PMMA 

films had well-defined borders, but the nanowire arrays on PMMA microstructures had rounded 

corners and edges overhanging the PMMA base layer (Figures 2.2 and 2.3A), likely due to 

beading of molten PCL during the lift-off step and/or compression during templating.  
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Figure 2.2. Nanowire array fabrication approaches demonstrate sufficient resolution to 
pattern features as small as 10 μm. SEM micrographs of PCL nanowire arrays on PMMA 

films (A-D) and PMMA microstructures (E-H) with 10 μm (A, E), 20 μm (B, F), 40 μm (C, G), 

and 80 μm (D, H) feature sizes. Scale bars are 20 μm. 
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2.4.2. Nanowire dimensions are tunable 

After demonstrating custom patterning of nanowire arrays, we proceeded to investigate 

approaches to tune nanowire dimensions. We first examined an approach to adjust nanowire 

length. In previous studies, PCL templating was performed without a PMMA base layer, and 

templating time and temperature were adjusted to control nanowire length.101, 168, 197 For the 

approach used in this study, we hypothesized that templating would occur until the AAO 

membrane contacted the PMMA base layer, allowing for control of nanowire length by adjusting 

PCL thickness. For film-based nanowire arrays, nanowire lengths roughly matched respective 

PCL thicknesses for PCL layers 5, 10, and 15 μm thick (Figure 2.3A). Nanowires coating 

PMMA microstructures also scaled in length with PCL thickness but were shorter than 

nanowires of film-based arrays fabricated with identical PCL thicknesses, indicating only partial 

adhesion of the PCL layer during the lift-off step. We also investigated control over nanowire 

diameter through selection of AAO membranes of varying pore sizes. As shown in Figure 2.3B, 

templating PCL-coated microstructures with AAO membranes with mean pore diameters of 120 

± 40, 200 ± 60, and 290 ± 50 nm (Figure 2.4) resulted in mean nanowire diameters of 140 ± 30, 

190 ± 30, and 320 ± 50 nm, respectively. Thus, in addition to customizable nanowire array 

patterning, nanowire dimensions can also be tuned for length and diameter by adjusting PCL 

thickness and AAO pore size, respectively.  
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Figure 2.3. Templating parameters can be adjusted to tune nanowire dimensions. A. PCL 

thickness controls nanowire length. 45° SEM micrographs of nanowire-coated films and 

microstructures fabricated with PCL thicknesses of 5, 10, and 15 μm demonstrate that nanowire 

length increases with PCL thickness. Scale bars are 2 μm. B. AAO membrane pore size controls 

nanowire diameter. As shown in SEM micrographs and histograms, diameters of PCL nanowires 

fabricated on PMMA microstructures correlated with AAO membrane diameter. Templating 

with mean membrane pore diameters of 120 ± 40, 200 ± 60, and 290 ± 50 nm yielded mean 

nanowire diameters of 140 ± 30, 190 ± 30, and 320 ± 50 nm, respectively. Scale bars are 500 nm. 

*Indicates statistically significant difference between average nanowire diameter with p < 0.001. 
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Figure 2.4. SEM images and histograms of AAO pore diameters. Cross sections of Whatman 

Anodisc® AAO membranes with nominal pore diameters of 0.02 μm (A), 0.1 μm (B), and 0.2 

μm (C) were imaged with SEM, and diameters were measured to determine average pore 

diameters of 120 ± 40, 200 ± 60, and 290 ± 50 nm, respectively. Scale bars are 1 μm. *Indicates 

statistically significant difference between average nanowire diameter with p < 0.001. 

 

 

2.4.3. Nanowire wettability enhances drug localization 

We hypothesized that, once wetted with drug/reagent solution, micropatterned nanowire 

arrays would facilitate high-resolution drug/reagent localization as solvent evaporated. The 

wettability of a nano-rough surface is highly dependent upon the entrapment of air within the 

nanofeatures, with entrapped air reducing liquid-solid contact and thereby reducing surface 

wettability.198, 199 To compare the wettability of PCL nanowire arrays to non-templated PCL films 

under conditions relevant to the localization approach proposed in this study, contact angles were 
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measured for non-templated PCL, non-templated NaOH-treated PCL (to investigate the effects 

of NaOH exposure during AAO etching), and PCL nanowire arrays under pre-wetted conditions. 

Films were pre-wetted by submerging in water and then spinning at 2000 rpm for 5 s to remove 

excess water. Droplets added to PCL nanowires were taken into the nanowire arrays and could 

not be measured for contact angle while the contact angles of non-templated PCL and non-

templated NaOH-treated PCL were 78 ± 2° and 73 ± 4°, respectively (Figure 2.5). The 

dramatically enhanced wettability of PCL nanowires over non-templated PCL under pre-wetted 

conditions suggested that micropatterned nanowire arrays could potentially draw in drug/reagent 

solution as solvent evaporated, providing high-resolution drug/reagent localization. 
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Figure 2.5. Nanowire films are highly wettable following initial contact with water. Water (5 

μL) water was dispensed onto PCL films composed of PCL, PCL treated with 0.5 M NaOH for 1 

h (to match NaOH treatment for AAO membrane etching), and PCL nanowires with and without 

pre-wetting. Pre-wetting consisted of submerging the films in water, spinning the films at 2000 

rpm for 5 s to remove excess water, and imaging droplets within 1 min. Under dry conditions, 

the nanowire coating resulted in a higher contact angle than both non-templated PCL and NaOH-

treated non-templated PCL, possibly as a result of air entrapment within the nanowire arrays. 

However, when nanowire films were pre-wetted, water droplets were taken up by the nanowire 

arrays, preventing measurement of contact angle and demonstrating that nanowires arrays are 

highly wettable following initial exposure to water.  

 

To investigate this approach, 40 μm PMMA microstructures coated with either PCL 

nanowires or non-templated PCL lacking nanowires as a control were wetted with solutions of 

the hydrophilic reagents FITC-BSA and FITC-dextran (average MW = 10 kDa) in water or the 

hydrophobic reagents Oregon Green 488 - paclitaxel and Nile red in ethanol at 5 μg/cm2, 

inverted, and allowed to dry. The thin film of water or ethanol dried within 10 min (Figure 2.6).  
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Figure 2.6. Time-lapse fluorescence imaging of Oregon Green – Paclitaxel and FITC-BSA 
localization over micropatterned PCL nanowire array films. Each image is labeled with the 

time after the addition of drug/reagent. Scale bars are 500 μm. 
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The features were then imaged with confocal microscopy to determine the localization of 

the fluorescently labeled drug/reagent. While features coated with non-templated PCL 

demonstrated drug/reagent localization to regions between the PMMA microstructures (Figure 

2.7 A,D), features coated with PCL nanowires facilitated localization to the surface of the 

microstructures (Figure 2.7 B,E) indicating that the nanowire arrays mediated drug/reagent 

localization. Within the nanowire arrays, drug/reagent fluorescence intensity patterns showed 

clustered regions approximately 1 to 10 μm in width (Figure 2.7 C,F), similar to the PCL 

nanowire folding/clustering pattern observed in nanowire arrays (Figures 2.2 and 2.3).  
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Figure 2.7. Nanowires mediate drug/reagent localization. Three-dimensional confocal 

imaging reconstructions of 5 μg/cm2 Oregon Green 488 - paclitaxel (A-B) and FITC-BSA (D-E) 

loaded onto features with either non-templated PCL (A, D) or PCL nanowires (B, E) 

demonstrate that nanowires dramatically enhance drug/reagent localization to array features. 

Two-dimensional confocal imaging slices of loaded nanowire arrays (C, F) show clustered 

localization patterns, suggesting that drug/reagent collects between nanowires as a result of 

capillary action. G. Localization efficiencies of drugs/reagents were quantified as the ratio of 

fluorescence intensity integrated over the microstructures to the fluorescence intensity integrated 

over the entire analyzed region. All scale bars are 20 μm. 

 

This intensity pattern indicated that drug/reagent localized to clustered nanowires, 

suggesting that localization was mediated by capillary action between nanowires as solvent 

evaporated. Furthermore, time-lapse fluorescence imaging demonstrated that drug/reagent 

solutions collected over nanowire-coated features over time as solvent dried (Figure 2.6), further 
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suggesting that nanowires enhanced drug/reagent localization by drawing in drug solution. While 

many drug loading techniques are only compatible with water-soluble drugs,181, 182 

micropatterned nanowire arrays provided efficient localization of both hydrophilic, water-soluble 

and hydrophobic, water-insoluble reagents through selection of solvents to maximize solubility. 

To quantify drug/reagent localization to microfeatures, the confocal imaging Z-stacks were 

merged by mean intensity values, and localization efficiency was calculated as the ratio of 

fluorescence intensity integrated over the microstructures to fluorescence intensity integrated 

over the entire analyzed region. The presence of nanowires dramatically increased localization 

efficiencies for all reagents tested (Figure 2.7G). Further investigation of FITC-BSA localization 

demonstrated efficient localization onto nanowire arrays coating both PMMA films and PMMA 

microstructures for all feature sizes tested (Figure 2.8). Together, these results demonstrated a 

rapid, low-waste drug/reagent localization approach. Furthermore, because this drug localization 

is non-sequential, this approach could be easily scaled for a larger number of features.  
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Figure 2.8. Nanowires provide efficient, high-resolution localization of BSA-FITC onto 
micropatterned PCL nanowire arrays coating PMMA films and microstructures.  

Fluorescent images of nanowire-coated films (A-D) and microstructures (E-H) with 10 μm (A, 
E), 20 μm (B, F), 40 μm (C, G), and 80 μm (D, H) feature sizes loaded with FITC-BSA at 5 

μg/cm2 show efficient localization for all feature sizes tested. Scale bars are 50 μm. 
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Figure 2.9. Nanowires provide efficient localization for hydrophobic and hydrophilic model 
drugs.  Z-stacks of confocal fluorescent images of non-templated (A-D) and nanowire-coated 

(E-H) microstructures loaded with Oregon Green - paclitaxel (A, E), FITC-BSA (B, F), FITC-

dextran (C, G), and Nile red (D, H) merged according to mean intensity values prior to 

quantification of fluorescence intensity to calculate localization efficiency. Scale bars are 50 μm. 
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Figure 2.10. Drug localization signal is not a result of polymer autofluorescence. Micro-

grooved nanowire arrays on PMMA films show no detectable signal before loading but show 

localized signal under identical fluorescence imaging conditions after loading FITC-BSA at 5 

μg/cm2, indicating that observed signal is a result of FITC-BSA fluorescence rather than polymer 

autofluorescence. Scale bars are 50 μm. 

 

The ability to concentrate reagents onto high-resolution patterns could be employed to 

enhance biological analysis. For example, micropatterned nanowire arrays could be utilized to 

miniaturize biological assays into a microarray format while providing rapid, low-waste 

localization of reagents or samples. In addition to efficient localization, the concentration of 

luminescent samples to microscale regions may also increase local signal intensity, thereby 

enhancing sensitivity. Furthermore, based on a pore density of 13 ± 1 pores/μm2 for the 290 nm 

pore size AAO membranes (Figure 2.11), nanowires fabricated from these membranes to 15 μm 

in length and 320 nm in diameter will provide greater than a 1000-fold increase in surface area 

available for conjugation of biomolecules or reagents, also potentially enhancing signal intensity. 
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Figure 2.11. SEM imaging and quantification of AAO membrane pore density. Five regions 

of 200 nm nominal pore size AAO membranes were analyzed to determine a density of 13 ± 1 

pores / μm2. 

 

This localization approach may also have applications to biomedical microdevice 

technology. Microfabricated devices loaded with drug can significantly increase the uptake of 

drug in vitro and in vivo.39, 183, 200, 201 However, the task of loading drug into the micron-scale 

reservoirs of these devices is a major challenge to the scale-up of this technology. For example, 

relatively high-throughput loading approaches such as photolithography suffer from wasted 

materials as a result of the spin-casting and development steps,45, 182, 183 which is a major 

drawback when loading expensive drugs. Conversely, low-waste approaches such as ink-jet 

printing allow for quasi-zero-waste loading but require sequential loading of individual drug 

reservoirs, limiting throughput and scalability.181, 182,184 Here, we present the first example of 

polymeric, nanowire-coated microparticles and demonstrate an inherent mechanism for rapid, 
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low-waste drug localization. Such structures may be used in the development of more cost-

effective and scalable biomedical microdevices and drug delivery systems.  

 

2.4.4. Micropatterned nanowire arrays control cellular morphology through both 

microscale and nanoscale interactions 

We also investigated the application of micropatterned nanowire arrays to provide 

hierarchical topographical control over cellular behavior. Microscale topography influences cell 

growth through the alignment of cells with topographical features, a cellular behavior known as 

contact guidance.179 This influence over cellular shape and elongation can alter cytoskeletal 

tension, resulting in altered signal transduction.202 Nanoscale features, which approach the 

macro-molecular scale, interact more directly with integrins, transmembrane receptors that allow 

cells to recognize and bind to their external environment, leading to the formation of focal 

adhesion complexes.154, 203 Both the nanoscale distribution of integrin receptors and the micron-

scale size and shape of focal adhesions influence cellular behavior through downstream signaling 

pathways.178, 180 In vivo, cells reside in niche environments with tissue-specific micro- and 

nanotopography. Skin, bone, tendon, neural tissues, skeletal muscle, and blood vessels all present 

hierarchical micro/nanostructures of specific dimensions.154, 204 Scaffolds designed to mimic the 

micro- and nanotopography of cellular niche environments have been used to decrease fibrosis 

and enhance regeneration for wound healing,174, 176, 205, 206 maintain stem cell pluripotency in 

vitro,180, 207-209 and direct stem cell growth and differentiation for therapeutic applications.171, 172, 177, 

210, 211 

To investigate the ability of micropatterned nanowire arrays to simultaneously influence 

cells on both the microscale and nanoscale, 3T3 fibroblast cells were grown on films consisting 
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of non-templated PCL, PCL nanowires, micropatterned non-templated PCL (with grooves 10 μm 

in width and 5 μm in height), and micropatterned nanowire arrays (with grooves 10 μm in width 

and nanowires 5 μm in length) (Figure 2.12 A-D). After two days of culture, fibroblasts were 

fixed, permeabilized, and stained to visualize nuclei, actin, and vinculin, a focal adhesion protein 

(Figure 2.12 E-L). While fibroblasts cultured on films without micropatterns showed isotropic 

morphology as indicated by actin staining (Figure 2.12 E-F), fibroblasts cultured on 

micropatterned films extended along the microgrooves (Figure 2.12 G-H). However, fibroblasts 

cultured on micropatterned nanowires showed a significantly higher degree of elongation than 

cells cultured on non-templated PCL microgrooves lacking nanotopography. Vinculin staining, 

which visualized the effects of scaffold topography on cellular focal adhesion formation, 

provided a possible explanation for this enhanced cellular elongation. The extensions of cells 

grown on nanowire arrays (Figure 2.12 J,L) showed increased vinculin localization relative to 

cells grown on films lacking nanotopography (Figure 2.12 I,K).  This observation suggested that 

nanowires enhanced focal adhesion formation, which agrees with previous studies demonstrating 

that polymeric nanowire arrays promote cellular adhesion.197, 212 It is possible that, when 

micropatterned to direct cellular alignment and the direction of cellular growth, the enhanced 

focal adhesion provided by nanowires in turn increases cellular elongation. 

Taken together, these results demonstrate that the micropatterned nanowire arrays 

influenced cells through both microgroove-mediated contact guidance and nanowire-mediated 

focal adhesion formation to provide a unique cellular morphology not achievable through micro- 

or nanotopographies alone. With customizable micropatterning and tunable nanowire length and 

diameter, this fabrication approach could be used to create scaffolds designed to mimic different 

cellular niche environments with specific nanoscale topographies and microscale patterns. As 
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PCL can be functionalized and matrix-loaded with chemical factors,213, 214 future studies may also 

incorporate signaling molecules into these scaffolds to further recapitulate cellular niche 

environments. 
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Figure 2.12. Micropatterned nanowire arrays simultaneously influence cellular behavior on 
both the micro- and nanoscales. Fibroblasts were cultured on non-templated PCL (A), PCL 

nanowire (B), micropatterned non-templated PCL (C), and micropatterned PCL nanowire (D) 

films (imaged with SEM). Staining of actin (green) and nuclei (blue) merged with brightfield 

images (E-H) demonstrates that micropatterned films (G-H) promote cellular alignment to 

microgrooves, with micropatterned nanowires (H) providing enhanced cellular elongation 

relative to micropatterned PCL lacking nanotopography (G). Vinculin (red) and nuclei (blue) 

staining (I-L) demonstrates that nanowires increase vinculin localization to cellular extensions (J, 

L) relative to cells cultured on non-templated PCL (I, K), indicating that nanowires enhance 

focal adhesion formation. Scale bars are 50 μm. 
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Figure 2.13. High-resolution SEM micrographs of cellular scaffolds. Non-templated PCL (A), 

PCL nanowire (B), micropatterned non-templated PCL (C), and micropatterned nanowire (D) 

films were used for fibroblast cell culture. Scale bars are 2 μm. 
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Figure 2.14. Quantification of cellular elongation and alignment of cells grown on PCL 
films. A. Quantification of cellular elongation, as determined by the distance between the two 

furthest points of each cell, demonstrated that cells grown on micropatterned nanowires were 

significantly more elongated than cells grown on films lacking micro- and/or nanotopography. 

*Indicates statistically significant difference between average cellular elongation with p < 0.01. 

B. Quantification of cellular alignment, plotted as histograms of the angles formed by the lines 

between two furthest points of each cell relative to the orientation of the microscale grooves, if 

present, demonstrated that micropatterned films enhanced cellular alignment in the direction of 

microgrooves. 
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2.4.5. Incorporating PCL nanowires onto the surface of microdevices for oral drug delivery 

The fabrication approach reported here has potential to modify microdevices to enhance 

their properties for oral drug delivery. While microfabricated devices loaded with drug can 

significantly increase the uptake of drug in vitro and in vivo,6, 39, 76, 215 the task of loading drug into 

the micron-scale reservoirs of these devices is a major challenge to the scale-up of this 

technology. For example, relatively high-throughput loading approaches such as 

photolithography suffer from wasted materials as a result of the spin-casting and development 

steps,6, 45, 216 which is a major drawback when loading expensive drugs. Conversely, low-waste 

approaches such as ink-jet printing allow for quasi-zero-waste loading but require sequential 

loading of individual drug reservoirs, limiting throughput.216, 217,218 Coating microdevices with 

nanowires could provide an inherent mechanism for high-throughput, low-waste drug loading. 

Furthermore, we hypothesized that the dramatic increase in surface area provided by nanowires 

would enhance device bioadhesion. 

In order to test these hypotheses, we first used the fabrication approach presented here to 

create nanowire-coated microdevices (Figure 2.15). These devices were approximately 200 μm 

in diameter and 20 μm in thickness (Figure 2.16). These devices are detachable from the silicon 

wafer (Figure 2.17) and are similar in geometry to previously developed microfabricated devices 

for enhanced drug uptake. Specifically, they are planar in shape with a drug reservoir on only 

one side of the device, features shown to facilitate adhesion to monolayers of epithelial cells and 

unidirectional drug release toward epithelial tissue.6, 39, 76, 215  

 



 59 

 

Figure 2.15. Images of microdevice fabrication process. A. PMMA microdevices (left wafer) 

and PCL layer (right wafer) prior to contact of both wafers under heat to coat microdevices with 

PCL. B. Image of PCL-coated microdevices templated with a nanoporous AAO membrane. C. 
Nanowire-coated microdevices after etching of AAO membrane in sodium hydroxide. 
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Figure 2.16. SEM images of nanowire-coated microdevices. Images show complete device 

structure (A), nanowires coating device (B), and a cross section showing the PCL nanowires 

coating the PMMA base structure (C). 
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Figure 2.17. Nanowire-coated microdevices are detachable. A brightfield image of nanowire-

coated microstructures following detachment by scraping the silicon wafer with a razor.  

 

As demonstrated for nanowire-coated microstructures with smaller microstructure 

dimensions, the nanowires provided rapid and efficient drug loading onto the microdevices 

(Figure 2.18). Drug loading by capillary action is rapid, passive, and non-sequential, making it a 

scalable approach to drug loading of microdevices.  
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Figure 2.18. Nanowires enhance microdevice drug loading. A. SEM images of microdevices 

fabricated with nanowires or flat PCL as a control. B. Microdevices were loaded by solvent 

evaporation of FITC-BSA at 5 μg/cm2, and drug localization was determined by fluorescence 

microscopy. 

 

To determine the effect of the nanowire coating on device bioadhesion, we performed a 

flow cell adhesion assay in which we incubated the devices on Caco-2 intestinal epithelial cells 

and exposed the devices to increasing flow rates (Figure 2.19). Devices coated with PCL 

nanowires demonstrated consistently higher retention to the Caco-2 monolayer relative to 

devices coated with flat PCL, demonstrating that nanowires enhance device bioadhesion. This 

finding indicates that nanowires may be incorporated onto the surface of devices to enhance their 

adhesion to the GI tract, thereby prolonging drug exposure. 
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Figure 2.19. Nanowires enhance microdevice adhesion to a monolayer of Caco-2 epithelial 
cells. Nanowire-coated microdevices or control devices coated with flat PCL 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. *Indicates statistically significance (p < 0.05). 

 

 The nanowire coating may provide additional advantages, as nanowires are capable of 

interacting with epithelial layers to increase cytoadhesion85-87 and interrupting cell-cell junctions 

to enhance epithelial permeability.87, 88, 219 Future studies will determine the efficacy of the 

nanowire-coated microdevices in enhancing drug uptake through these mechanisms. 
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2.5. Conclusion 

Hierarchical micro/nanostructures have a number of biological applications, but the lack 

of nanofabrication approaches that are scalable while also allowing for custom patterning is a 

limiting factor in the application of these technologies. We have presented an approach to 

fabricate micropatterned arrays of polymeric nanowires without the need for sequential-write 

nanofabrication approaches. Furthermore, the techniques utilized in this approach have been 

shown to be highly scalable; roll-to-roll anodization approaches allow for high-throughput, 

relatively inexpensive fabrication of AAO membranes for templating,220 and many automated 

photolithography approaches are capable of processing more than 60 wafers per hour.221 

Therefore, this approach could be easily scaled up in a cost-effective manner. In addition, the 

templating utilized in this approach creates nanowires with dimensions not easily achievable 

through other nanofabrication techniques. Specifically, the high pore density of AAO 

membranes and the ability to etch away the membrane after templating allow for creation of 

densely packed nanowires with aspect ratios >100,168 features likely to increase the number of 

contact regions with cellular receptors and enhance drug/reagent loading capacity. Two 

variations of this approach provide fabrication of micropatterned nanowire arrays on either flat 

films or discrete microstructures, both with tunable nanowire dimensions and an inherent 

drug/reagent localization mechanism. This scalable nanofabrication approach has a number of 

possible biological applications in tissue scaffold fabrication, bioassay miniaturization, and 

biomedical microdevice technology. Notably, this fabrication approach could be used to 

incorporate nanotopography into microdevices for oral drug delivery. Given that nanoscale 

features have been shown to 1) significantly enhance microparticle adhesion,85, 115 2) disrupt 

epithelial tight junctions to increase drug permeability,88 and 3) provide rapid capillary-action-
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mediated drug loading as outlined here, this approach has potential to enhance microdevices 

through numerous mechanisms. 
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Chapter 3 –  Sealed Nanostraw Microdevices to Enhance Oral Drug Bioavailability 

 

3.1. Abstract 

Coating microdevices with nanowires enhanced device bioadhesion and provide a rapid, 

efficient mechanism for drug loading. However, because the drug is surface-loaded onto the 

devices, release rates are difficult to tune. Additionally, fragile biological therapeutics may be 

damaged by the drying that occurs during the loading process. Here we seal microdevices with 

nanostraw membranes – porous nanostructured biomolecule delivery substrates – to mitigate 

issues with drug release rates and drying. 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.  

 

 

3.2. Introduction 

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 
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epithelium and its adherent mucus layer limit permeation of drugs with high molecular weight or 

high polarity.6, 222, 223 Additionally, many drugs exhibit low solubility and dissolve poorly within 

the small intestine, the primary site of systemic drug absorption.6, 222, 224 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)225 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.226 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.39, 104 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 unidirectional 

release of drugs directly toward GI tissue.46  

Microdevices are capable of significantly enhancing drug absorption both in vitro and in 

vivo.39, 45, 104 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.226 Additionally, incorporating nanotopography onto the surface of 

microdevices is likely to further enhance device bioadhesion by dramatically increasing their 
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interfacial surface area, but developing fabrication approaches to coat microdevices with 

nanoscale features remains technically challenging.226, 227 

 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.228-231 By piercing through 

membranes of seeded cells, nanostraws provide a pipeline for the diffusion of biomolecules 

directly into the cytosol.228, 231 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. 

 

 

3.3. Methods 

 

3.3.1. Fabrication of nanostraw microdevices 

Unless otherwise noted, all materials were purchased from Sigma-Aldrich (St. Louis, 

MO). First, two layers of 110 mg/mL 950 kDa PMMA (MicroChem) in anisole were deposited 

onto a 3-inch-diameter <111> silicon wafer (Addison Engineering) by spin casting at 1350 rpm 
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and curing at 110 °C for 1 min. Microposit S1818 photoresist (MicroChem) was spun cast over 

the PMMA at 2500 rpm and cured at 110 °C for 1 min. The photoresist was exposed to 225 

mJ/cm2 of UV light through a computer-designed photomask with arrays of opaque annuli (200 

μm outer diameters, 100 μm inner diameters, 400 μm pitch). The photoresist was submerged in 

351 Developer (MicroChem) diluted 1:3 in dH2O for 2 min under gentle shaking. The 8 μm 

PMMA layer was anisotropically etched with oxygen plasma (450 W, 250 mTorr, 6.5 min) by 

5.5 μm in regions not protected by photoresist. The remaining photoresist was removed by 

submerging in Microposit Remover 1112A (MicroChem) for 2 min and then rinsing with dH2O. 

A wafer previously spun cast with 75 mg/mL 80 kDa PCL in trifluoroethanol at 1750 rpm was 

brought into contact with the microdevices on a hot plate at 80 °C, and the wafers were quickly 

separated. Nanostraw membranes were fabricated as previously described,231 with minor 

modifications. Briefly, track-etch polycarbonate membranes with densities of either 107 cm-2 (AR 

Brown Global) or 3 × 107 cm-2 (GVS, Sanford, ME) and varying pore diameters were coated 

with aluminum oxide by atomic layer deposition, and the aluminum oxide layer was 

anisotropically etched by reactive ion etching with BCl3 and Cl2 in Argon (300 W, 40 sccm BCl3, 

30 sccm Cl2, 5 mTorr, 5 min) on both sides of the membrane, waiting until the final fabrication 

step to expose the nanostraws by etching PC with oxygen plasma. The membrane was then 

brought into contact with the microdevices at 80 °C, melting the PCL and bonding the membrane 

to the devices. The membrane was spun cast with two layers of 75 mg/mL PVA at 2500 rpm, 

curing at 95 °C for 1 min after each deposition. SU-8 2015 (MicroChem) was then spun cast at 

1250 rpm and cured at 95 °C for 5 min. The SU-8 was exposed to 250 mJ/cm2 of UV light 

through an opaque photomask with 200 μm transparent circles aligned to the microdevices and 

then baked at 95 °C for 5 min. The devices were submerged in SU-8 Developer (MicroChem) for 
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5 min under gentle shaking and dried with a nitrogen gun. The membrane overhang and 

remaining PMMA between microdevices were removed by etching with oxygen plasma (450 W, 

250 mTorr, 40 min). The devices were rinsed in dH2O, dissolving the PVA and allowing the SU-

8 caps to detach. The nanostraws were then exposed by partially etching the surrounding 

polycarbonate with oxygen plasma at a lower energy (100 W, 250 mTorr, 20 min). 

 

3.3.2. Scanning electron microscopy 

Non-biological 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 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.232, 233 Nanostraw lengths were measured with the same approach, accounting for the 

45° imaging angle. All values in this study are reported with standard deviation. 

 

3.3.3. Confocal imaging of internal microdevice structure 

Microdevices were incubated overnight at 4 °C in a PBS solution (pH 7.4) with 10 

mg/mL FITC-BSA (Sigma-Aldrich) to load device reservoirs with FITC-BSA and allow for 
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adsorption of FITC-BSA to device surfaces. The devices were then incubated at 37 °C in PBS 

for approximately 8 hours 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. 

 

3.3.4. Reservoir seal integrity assay 

Microdevices fabricated using a nanostraw membrane (inner nanostraw diameter: 60 nm, 

nanostraw density: 107 cm-2) or with a non-porous 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 brightfield microscopy to show device structure and 

fluorescence microscopy to observe FITC-insulin diffusion into device reservoirs. 

 

3.3.5. 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 hours, 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 hours. 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. 
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3.3.6. 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 hours, 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). 

 

3.3.7. Caco-2 flow cell adhesion assay 

An epithelial flow cell adhesion assay was performed as previously outlined85, 100, 190, 191 

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 
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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. 

 

3.3.8. Ex vivo adhesion assay 

An ex vivo nanostraw microdevice adhesion assay was adapted from previous 

protocols.234-237 Six C57BL/6 mice (Jackson Labs, 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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3.3.9. Device profilometry  

Device height profiles were measured with an Ambios XP2 profilometer at various 

fabrication steps to determine nanostraw microdevice dimensions. Specifically, the height 

profiles of microdevices with etched PMMA after removal of photoresist, etched PMMA coated 

with PCL, and complete nanostraw microdevices were measured over the center of the devices. 

The thicknesses of the nanostraw membrane (following etching to expose nanostraws) and the 

PMMA base layer were also measured via profilometry. The PMMA base layer was scratched to 

expose the underlying silicon wafer prior to measurement. To account for the thickness of 

PMMA yet to be etched in remaining fabrication steps, the thickness of the PMMA base layer 

was added to the height profiles of the etched PMMA devices and the etched PMMA devices 

coated with PCL. The profile of the base of the nanostraw membrane was determined by 

subtracting the thickness of the nanostraw membrane from the profile of complete devices.  

 

3.3.10. Quantification of nanostraw density heterogeneity at the cellular scale  

Caco-2 cells were cultured as previously described to facilitate formation of a cellular 

monolayer.88 SEM imaging indicated that the Caco-2 cells could be approximated as having edge 

lengths on the order of 10 μm. A nanostraw membrane (inner nanostraw diameter: 60 nm, 

nanostraw density: 107 cm-2) was imaged with SEM. The SEM images were divided into 10 μm 

× 10 μm regions, an approximation of the dimensions of intestinal epithelial cells. The number of 

nanostraws contained within each of 100 analyzed regions was determined and plotted as a 

histogram showing the number of regions containing a given number of nanostraws. 
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3.3.11. Confocal fluorescence imaging to compare the amount of adsorbed FITC-insulin to 

the amount of in-solution FITC-insulin in device reservoirs  

Nanostraw microdevices (inner nanostraw diameter: 60 nm, nanostraw density: 107 cm-2) 

were incubated in 10 mg/mL FITC-insulin at 4 °C for 48 h and then washed in PBS for 1 min. 

The devices were imaged with confocal fluorescence microscopy, collecting images with 2 μm 

z-steps over the entire device reservoirs. The devices were incubated in 37 °C PBS for 24 h to 

facilitate drug release and imaged again under identical conditions.  

 

3.3.12. Testing nanostraw microdevice retention of drug following detachment of 

microdevices from the silicon wafer  

Microdevices were incubated in a PBS solution of 10 mg/mL FITC-insulin overnight, 

rinsed with PBS, and scraped from the wafer with a razor. Microdevices were then loaded into a 

channel formed by placing a 1.5 × 24 × 0.12 mm adhesive spacer (Grace Bio-labs) between a 

glass slide and coverslip. The microdevices were incubated at room temperature for 

approximately 30 min and then imaged with brightfield and fluorescence microscopy. 

 

3.3.13. Determining if device reservoirs become saturated with FITC-dextran after 

incubation for 48 h  

Nanostraw microdevices were incubated in 1 mg/mL FITC-dextran and analyzed with 

confocal microscopy as performed for the FITC-dextran influx assay, except the timepoints used 

were 48 and 72 h. 
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3.3.14. Determining total nanostraw microdevice drug capacity  

Devices were loaded with 10 mg/mL FITC-insulin and monitored for drug release as 

described previously except the mass of drug released was determined at 48 h, after which time 

no significant drug release was detected. 

 

 

3.4. Results 

 

3.4.1. Device fabrication and characterization 

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 membrane caps, with a total device thickness less 

than 20 μm. The devices were fabricated through a series of deposition, photolithography, and 

anisotropic etching steps as shown in Figure 3.1. 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 3.1 A). 

The PMMA was anisotropically etched by approximately 5.5 μm with oxygen plasma (Figure 

3.2) in regions not protected by the photoresist (Figure 3.1 B). The remaining photoresist was 

chemically stripped, and the devices were briefly brought into contact with a polycaprolactone 
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(PCL) film under heat, coating the topmost surface of the PMMA device bodies with a layer of 

PCL (Figure 3.1 C).  
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Figure 3.1. 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 (semi-transparent) 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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Figure 3.2. Height profiles of microdevices at various stages of fabrication. Height profiles 

show thicknesses of approximately 2.5 μm for the PMMA base layer, 7.5 μm for drug reservoirs, 

7 μm for nanostraw membranes (following etching to expose nanostraws), and 17 μm for total 

device thickness (not accounting for nanostraw length). PCL thickness was 5 μm before 

nanostraw membrane bonding and 1 − 2 μm following compression during bonding. 

 

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 described231 and heat-bonded to the PCL (Figure 3.1 D). 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 1010 cm-2.228, 229, 231, 238-240 In this study, microdevices were sealed with 

nanostraw membranes ranging from 60 to 160 nm in inner nanostraw diameter and from 107 to 3 

× 107 cm-2 in nanostraw density (drug release assays). For all other assays, devices were sealed 

with membranes with 60 nm inner nanostraw diameter and 107 cm-2 nanostraw density. To 

protect the nanostraw membrane during subsequent lithography steps, a sacrificial poly(vinyl 
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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 crosslinked by UV exposure (Figure 3.1 E). The regions 

of the nanostraw membrane and PMMA not covered by the crosslinked photoresist were etched 

with oxygen plasma (Figure 3.1 F), and the devices were rinsed in water to dissolve the PVA and 

release the photoresist caps (Figure 3.1 G). The devices were then exposed to low-energy oxygen 

plasma to partially etch the PC, exposing the nanostraws (Figure 3.1 H). Finally, the devices 

were incubated in concentrated drug solutions to load the device reservoirs via diffusion through 

nanostraws (Figure 3.1 I). The final nanostraw microdevices were composed of PMMA, PCL, 

PC, and aluminum oxide, which are FDA-approved materials in various implanted biomedical 

devices.117, 241-243 

Scanning electron microscopy (SEM) demonstrated that nanostraw membrane caps were 

bound to the underlying PMMA device bodies (Figure 3.3A). 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 (Figure 3.4). This indicated that the nanostraw membranes 

would be capable of homogenous transfer of drugs at the cellular and tissue scales. 
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Figure 3.3. Characterization of nanostraw microdevice structure. A. SEM images 

demonstrate that microdevices were fabricated with intact nanostraw membranes. B. Confocal 

fluorescence microscopy 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. 



 82 

 

Figure 3.4. Quantification of heterogeneity in nanostraw density at the cellular scale. A. 

SEM imaging demonstrated that the cuboidal Caco-2 intestinal epithelial cells can be 

approximated as having edge lengths on the order of 10 μm. B. To determine the heterogeneity 

in nanostraw distribution at the cellular scale, SEM images of a nanostraw membrane (inner 

nanostraw diameter: 60 nm, nanostraw density: 107 cm-2) were analyzed by quantifying the 

number of nanostraws within 10 μm × 10 μm regions (outlined in red). C. A histogram showing 

the number of regions containing a given number of nanostraws. There was a mean of 10 ± 3 

nanostraws per 10 μm × 10 μm region (n = 100). 
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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.191 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 reservoir (Figure 3.5), the adsorption of FITC-BSA to the surfaces of the devices 

(Figure 3.3 B) 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.244  
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Figure 3.5. FITC-insulin adsorption to devices is minimal relative to the amount of FITC-
insulin loaded within device reservoirs. A. Images of nanostraw microdevices loaded with 

FITC-insulin and washed in PBS for 1 min show that the fluorescence intensity of FITC-insulin 

adsorbed onto the surfaces of the devices (outlined in dotted red lines) is much lower than that of 

drug in solution within the device reservoirs, demonstrating that the 1 min wash in PBS was 

effective in removing non-loaded insulin from the external surfaces of the devices. B. The 

devices were imaged under identical conditions after the drug had been released in PBS at 37 °C 

for 24 hours, and the fluorescence intensity of FITC-insulin remaining adsorbed onto the 

surfaces of the devices was much lower than the amount of FITC-insulin that was previously 

loaded into device reservoirs, demonstrating that FITC-insulin adsorption to internal device 

surfaces is also minimal relative to the amount of loaded drug. 

 

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 3.3 B). 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 
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capillary action,85, 100, 115, 116 photolithography,39, 45, 62 and inkjet printing216, 245 require exposure of 

drug to UV light, crosslinking agents, organic solvents, and/or dehydration. These damaging 

conditions can potentially cause loss of drug structure and bioactivity, especially for biological 

therapeutics.226 The nanostraw 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 non-porous 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 non-porous PC (Figure 3.6), 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 (Figure 3.7), indicating that the microdevices remained sealed upon device 

detachment. 
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Figure 3.6. Nanostraw microdevice reservoirs are sealed, with nanostraws facilitating in-

solution drug loading. Microdevices fabricated using a non-porous PC membrane (A) or a 

nanostraw membrane (B) were incubated in 10 mg/mL FITC-insulin overnight, rinsed with PBS, 

and imaged for device structure (brightfield signal, shown in grayscale) and FITC-insulin 

localization (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. 
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Figure 3.7. Loaded nanostraw microdevices retain drug after detachment from the silicon 
wafer. Nanostraw microdevices were incubated in a PBS solution of 10 mg/mL FITC-insulin 

overnight, rinsed with and submerged in PBS, and scraped from the silicon wafer with a razor. 

The PBS-suspended microdevices were added to a chamber formed by placing an adhesive 

spacer between a glass slide and a coverslip and incubated at room temperature for 30 min. The 

microdevices were then imaged for structure (brightfield signal, shown in grayscale) and FITC-

insulin localization (fluorescence signal, shown in green). FITC-insulin remained within the 

device reservoirs, indicating that the devices remained sealed following detachment from the 

silicon wafer. 

 

3.4.2. Nanostraws provide sustained and tunable drug release 

 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 of drug release allows for targeting of specific regions of the GI tract and adjustment for 

more favorable pharmacokinetic profiles.6 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 
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fabricated with varying diameters and densities,228-231 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 3.8 A). 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 hours. The 

microdevices were then rinsed in PBS for 1 min to remove non-loaded 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.226 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),246 small intestine (pH 6 − 7.4),247 and colon (pH 6.8 

− 7.4)248 but is significantly higher than the pH of the stomach (pH 1.0 − 3.5).249 However, 

nanostraw microdevices 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.44, 226 Drug release was monitored by 

fluorescence spectroscopy, normalizing to device count (Figure 3.8 B). Drug release rates scaled 

with both nanostraw diameter and density, demonstrating that drug release kinetics could be 

tuned by adjusting nanostraw membrane properties. 
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Figure 3.8. 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 (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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3.4.3. Nanostraw membranes limit exposure of loaded drug to outside biomolecules 

To mitigate drug degradation, microdevices can be designed to protect loaded drug from 

exposure to damaging biomolecules such as metabolic and proteolytic enzymes that are present 

throughout the GI tract.226 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: 107 cm-2) in 1 mg/mL 10 kDa FITC-dextran, a biological 

molecule with a hydrodynamic radius (2.3 nm)250 similar to drug-degrading enzymes such as 

trypsin (1.9 nm),251 chymotrypsin (2.5 nm),252 and DNase I, (2.5 nm).253  

We monitored FITC-dextran diffusion into the device reservoirs at 0.5, 1, 2, and 4 h with 

confocal fluorescence microscopy (Figure 3.9). 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 (Figure 3.10). 
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Figure 3.9. 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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Figure 3.10. Device reservoirs become saturated with FITC-dextran after incubation for 48 
h. A. Nanostraw microdevices used for the influx assay were incubated at 37 °C in 1 mg/mL 

FITC-dextran (10 kDa) for 48 or 72 h and then imaged with confocal microscopy. B. The 

fluorescence intensity values at 48 and 72 h were statistically similar, indicating that the device 

reservoirs had equilibrated with the external 1 mg/mL FITC-dextran solution by 48 h. 

 

 All earlier timepoints 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-hour control for over 2 hours, suggesting that 

the nanostraw membrane will reduce the exposure of loaded drug to external biomolecules 

relative to 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, demonstrating that nanostraw microdevices can decrease the exposure of loaded 

drug to outside biomolecules prior to release. 
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3.4.4. Nanostraws enhance device bioadhesion in vitro and ex vivo 

We hypothesized that the adhesive properties of microdevices would be enhanced by the 

presence of nanostraws. To determine the effect of nanostraws on bioadhesion, microdevices 

sealed with nanostraw membrane caps that had either been etched with oxygen plasma to expose 

nanostraws (depicted in Figure 3.1 H) or not treated with the final etching step, resulting in 

control devices without exposed nanostraws (depicted in Figure 3.1 G) 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.85, 100, 190, 191  

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 3.11 

A). 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.254 
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Figure 3.11. 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 hour. 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. A majority of devices (76%) 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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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,234-237 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.234, 235, 237 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 3.11 B). Fluorescence 

microscopy showed adhesion of intact insulin-loaded devices to the intestinal mucosa (Figure 

3.11 C).  

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 with the 

intestinal tissue as shown in Figure 3.11 D, indicating that this binary event was non-random 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.255-257 Thus, these devices 
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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.258-261 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. 

 

3.5. Conclusion 

To address the barriers to oral drug absorption, we present a novel 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 therapeutics. 

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 enhanced 

systemic absorption or local uptake into diseased GI tissue.  

Even for drugs with high bioavailability, there is a strong motivation to develop devices 

capable of releasing drugs in the GI tract for prolonged periods of time to decrease dosing 
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frequency, allowing for simplified dosing regimens and better patient adherence to therapies.262 

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. 
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Chapter 4 – Picoliter-Volume Printing of Drug into Device Reservoirs for Zero-Waste, 

High Capacity Loading 

 

4.1. Abstract 

The geometry of microdevices facilitates prolonged drug exposure with unidirectional 

release of drug toward gastrointestinal epithelium. While these devices have significantly 

enhanced drug bioavailability in vitro and in vivo, loading drug into the micron-scale reservoirs 

of the devices in a low-waste, high-capacity manner remains challenging.  Here, we use 

picoliter-volume inkjet printing to load topotecan and insulin into planar microdevices efficiently. 

Following a simple surface functionalization step, drug solution can be spotted into the 

microdevice reservoir. We show that relatively high capacities of both topotecan and insulin can 

be loaded into microdevices in a high-throughput, automated process with quasi-zero drug waste. 

 

4.2. Introduction  

 Drug loading remains a great challenge in the application of microdevices to oral drug 

delivery. Traditional oral dosage requires large amounts of drug, which can be cost prohibitive. 

Previously, microdevices have been loaded by spin-casting a drug-hydrogel solution over the 

microdevices and then selectively crosslinking the solution within device reservoirs by 

ultraviolet light (UV) exposure.104 However, drug-loading efficiency is decreased due to losses 

during the spin-casting step, and the extra hydrogel volume reduces the drug capacity of the 

devices. Furthermore, UV light can damage photosensitive molecules and lead to degradation of 

the active compound. More recently, we demonstrated the use of nanostraw membranes to 

passively take up drug into the microdevice via diffusion.263 Unfortunately, this method requires 
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the use of concentrated drug solution that is usually discarded after loading thus leading to waste, 

and drug-loading capacity is limited to the product of the drug solubility and microdevice 

reservoir volume. Therefore, alternative loading methods need to be considered.   

Inkjet printing is a technique that has been previously used for microarray spotting, 

surface functionalization, cell culturing, and drug formulation.264-267 A major advantage of inkjet 

printing is its drop-on-demand mode, which allows for spotting of precise volumes of liquid onto 

a surface. Previously, it has been shown that small-volume dispensing systems can be used to 

print polymer solutions into micro-scale containers.216, 268 When printing drugs, the solutions 

ideally would not contain polymer, thus maximizing the free volume available for drug. These 

previous methods were used for tall micro-containers measuring over 250 µm in height with 

aspect ratios typically >1.216 However, planar microdevices for oral drug delivery are typically 

designed with heights < 10 µm and aspect ratios > 0.1.6 To our knowledge, this method has not 

been used with thin (<10 µm thickness) microdevices, which typically have reservoir volumes in 

the tens of pL range rather than the > 500 pL volume reservoirs previously utilized for inkjet 

printing.45, 268  

In this study, we demonstrate the use of inkjet printing to efficiently load planar 

microdevices with topotecan, a small molecule chemotherapeutic agent, and insulin, a peptide 

hormone. Both drug solutions were prepared in acidic solutions and were directly spotted into 

the reservoirs of each microdevice with high precision and accuracy in an automated fashion. We 

also introduce a simple surface modification step to improve the surface hydrophobicity of the 

microdevices to ensure loading into the microdevice reservoir without overflow. We demonstrate 

that microdevices can be rapidly loaded with high capacities of both small molecule and 

biological therapeutics with nearly zero drug waste. 
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4.3. Methods  

 

4.3.1. Materials for device fabrication and drug loading 

Topotecan hydrochloride, insulin (recombinant human), hydrochloric acid (HCl), and 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane were purchased from Sigma-Aldrich, USA. 

Poly(methyl methacrylate) (950 kDa in anisole), Shipley 1818 positive photoresist, Microposit 

351 developer, and 1112A photoresist remover were purchased from MicroChem, USA. 

CyQUANT direct cell proliferation assay kit was purchased from Thermo Fisher Scientific, USA. 

Silicon wafers were purchased from Addison Engineering Inc, USA. 

 

4.3.2. Microdevice fabrication 

Microdevices with reservoirs were fabricated as previously described.263 Briefly, a silicon 

wafer was spin-coated with poly(methyl methacrylate) (PMMA) followed by a baking step. This 

process was repeated for two layers of PMMA. The hardened PMMA was spin-coated with 

positive photoresist followed with another baking step. The wafer was then exposed to UV light 

under a positive mask to form the device body features. The exposed wafer was developed and 

post-baked. The PMMA surrounding the masked region was dry etched with oxygen plasma in a 

Surface Technology PE1000 AC Plasma Source Reactive ion etcher. Remaining photoresist was 

removed by incubation in photoresist remover. To fabricate the reservoirs, the microdevice 

bodies were spin-coated with photoresist followed by UV exposure with a positive photomask 

aligned over the microdevice bodies with reservoir pattern. The microdevices were then 

developed, dry etched, and excess photoresist was removed to form microdevices with reservoirs. 
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The final microdevices were disc-shaped, 200 µm in diameter and 8 µm in height. Each device 

contained a central reservoir 100 µm in diameter and 5.5 µm in depth, which corresponds to a 

volume of 43.2 pL. Each 3’’ silicon wafer contained a 4 × 4 array of 20 × 20 microdevice 

subarrays for a total device count of 6400. 

 

4.3.3. Microdevice surface modification 

Prior to drug printing, the silicon wafer with fabricated microdevices was silanized with  

trichloro(1H,1H,2H,2H-perfluorooctyl)silane via vapor deposition under vacuum at room 

temperature for 30 min. Wafers were printed the same day as silanization.  

 

4.3.4. Drug loading into microdevices 

Drug printing was performed using the sciFLEXARRAYER S3 (Figure 4.1). This system 

is an automated drop-on-demand piezoelectric printing system suitable for deposition of 50-800 

pL drops at up to 1000 Hz with positional accuracy of +/-20 µm. The printer is composed of a 

XYZ movable head with a mounted piezo-driven dispenser. Topotecan and insulin solutions 

were prepared fresh at 10 mg/mL in 10 mM HCl and filtered through a 100 kDa centrifuge tube 

for 10 min at 5000 RCF. The freshly prepared drug solutions were then loaded into a microtiter 

plate. Prior to printing, drug solution was aspirated into the dispenser nozzle. During setup, the 

printer’s control unit was aligned to the fiduciaries on the silicon wafer, which enabled 

programmable automatic dispensing. The printer is equipped with a camera to visualize drop 

volume, stability, and trajectory, which can be adjusted by changing the piezo voltage, pulse 

width, and frequency. These parameters were optimized to obtain drops with volumes of ~400 
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pL. An increasing number of single 400 pL drops of either drug solution were printed into device 

reservoirs. The printing process was performed in multiple cycles to allow the solvent to 

completely evaporate between each cycle, preventing solution spillover.  
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Figure 4.1. Schematic of picoliter-volume printer configuration. Prior to each run, drug is 

drawn from the microtiter plate into the nozzle, and the fiduciary markers on the wafer are 

recognized by automated recognition of images taken by the alignment camera. Drug is then 

printed into microdevice reservoirs in an automated sequence. For each printing pass, the nozzle 

is dipped into the wash basin, and the drop camera is used to confirm successful formation of 

400 pL droplets for the specified piezo settings. The printer then dispenses a single droplet into 

the reservoir of each microdevice on the wafer. Droplets quickly dry, and additional drug 

solution is printed over solidified drug in future passes. Finally, the alignment camera captures 

quality-control images of all devices. 

 



 104 

4.3.5. Scanning electron microscopy 

Samples were prepared for SEM by sputter coating with 8 nm of gold followed by 

mounting onto carbon tape. The samples were imaged with a Carl Zeiss Ultra 55 field emission 

scanning electron microscope.  

 

4.3.6. Cellular toxicity studies 

To determine the cytotoxicity of silanized microdevices, samples were analyzed using a 

proliferation assay using the CyQUANT direct cell proliferation assay kit. Caco-2 cells were 

grown to confluency in 12-well tissue culture plates. All media was aspirated from wells and one 

of the following were added in triplicate: media containing 400 silanized and insulin filled 

microdevices, media only, or 20% DMSO in media. The cells were then incubated at 37 °C, 5% 

CO2 for 4 hours. At the end of the incubation, cells were trypsinized and subsequently spun 

down to pellets via centrifugation. The supernatant was discarded, and the cells were 

resuspended in PBS. Detection reagent with background suppressor was then added to each tube. 

The samples were incubated at 37 °C for one hour and then plated in a 96-well plate in triplicate. 

Fluorescence of samples was measured using a spectrophotometer with cells in suspension.   
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4.4. Results 

Because planar microdevices are applied for oral delivery of both small molecule drugs 

and biological therapeutics, drug loading techniques will ideally be compatible with both small 

molecules and biologics. We chose topotecan, an inhibitor of DNA enzyme topoisomerase I used 

as a chemotherapeutic, as a model small molecule drug.269, 270 Orally administered chemotherapy 

could reduce hospital admissions or visits to outpatient infusion centers for parenteral 

administration. However, oral formulations require higher amounts of drug to be delivered 

compared to the intravenous route, which can lead to higher off-target effects and toxicity. 

Preparing chemotherapeutic agents in microdevice form can potentially reduce the dosage 

needed. 

We wanted to expand the utility of this platform by using insulin as our model biologic. 

Insulin is an important peptide hormone that is secreted by the beta cells in the Islets of 

Langerhans within the pancreas to signal for glucose uptake from the bloodstream by cells. 

Current administration of insulin is frequently done by multiple subcutaneous injections per day 

or via insulin pumps. This is not ideal due to issues such as non-compliance, cost, and tissue 

damage at injection sites. Previous research investigating insulin for oral drug delivery has not 

been able to translate clinically.271  

The shape and size of the drug delivery vehicle are important parameters to consider in 

oral drug delivery. We fabricated planar microdevices 200 µm in diameter and 8 µm in height. 

This low aspect ratio is necessary to resist shear flow from peristalsis and increase residence time. 

Each microdevice possessed an inner reservoir measuring 100 µm in diameter and 5.5 µm in 

depth. Furthermore, the reservoir is etched into only one side of the device, allowing for 
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unidirectional drug release toward intestinal tissue and high local drug concentration at the 

epithelium.  

The ability to load relatively large amounts of drug with minimal drug waste holds many 

advantages. The inkjet printer enables printing of drug directly into the reservoir and obviates the 

need of other methods such as spin-casting or supercritical impregnation which can result in 

significant drug loss and does not guarantee uniform loading conditions.  

Surface energy is an important consideration when spotting into the shallow wells of 

microdevices. Before printing, the microdevices were silanized via vapor deposition using 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane, a silane commonly used to render surfaces 

hydrophobic.272, 273 The presence of a hydrophobic surface on the microdevices allowed printed 

drops to collect inside the reservoir (Figure 4.2).  When loading microdevices without the silane 

treatment, the drops would collect outside the reservoir, which compromised loading efficiency. 

Following silane treatment, the drops can be spotted directly into the reservoir without overflow. 

Silanized microdevices were used henceforth for topotecan and insulin loading. 
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Figure 4.2. Microdevice silanization enhances drug localization into device reservoirs. A. 

Fluorescence microscopy of devices (outlined in green dashed lines) loaded with topotecan 

(blue) indicates that drug spotting size was too large in non-silanized devices, with drug being 

deposited both with device reservoirs and onto the device body outside of the drug reservoirs. B. 

Devices silanized with trichloro(1H,1H,2H,2H-perfluoro-octly)silane became more hydrophobic 

which demonstrated efficient loading into device reservoirs. Scale bars are 500 µm. 

 

Drug delivery systems must also display a favorable toxicological profile in addition to 

demonstrating efficacy. Although we have tested microdevices in animal models before, this is 

the first time we have utilized silane deposition on microdevices. Silane in large quantities can be 

toxic to cells. However, previous studies using silanized nanoparticles did not show cell 
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cytotoxicity suggesting the silanization process uses volumes small enough to be 

biocompatible.274 To confirm that silanized microdevices do not cause cytotoxicity, we 

conducted a CyQUANT assay using Caco-2 cells, a heterogeneous human epithelial colorectal 

adenocarcinoma cell line that is used as a model for the gastrointestinal tract.275 Here, we show 

that silanized microdevices do not significantly decrease live cell counts compared to cells 

incubated in media alone (Figure 4.3). The DMSO group showed an expected decrease in cell 

viability. The results indicate that the silanized microdevices display cell biocompatibility and 

negligible cytotoxicity, a necessary feature when translating to animal models. 

 

 

Figure 4.3. Microdevices do not exhibit significant cytotoxicity. In vitro CyQUANT viability 

data showing that silane-coated microdevices do not show significant toxicity to Caco-2 

intestinal epithelial cells. 
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As low-viscosity solutions (<10 cP) are most compatible with the printer, we sought to 

find suitable solvents for both drugs. Topotecan is soluble in aqueous solutions and is most stable 

at low pH values.276 Insulin is not soluble at neutral pH but increases solubility in acidic 

solutions. Thus, we dissolved topotecan and insulin at 10 mg/mL in 10 mM HCl. The measured 

viscosity was found to be less than 10 cP (data not shown). A silicon wafer with silanized 

microdevices was then placed into the printer and aligned via image recognition of the fiducial 

markers on the wafer before use.  

Following loading of solution into the nozzle, the size of the topotecan and insulin drops 

was tracked by the camera and software of the printer. Before printing, 100 drops were dispensed 

at 200 Hz to calculate the average volume. The average drop size was determined to be ~400 pL. 

Camera images taken post-printing revealed that one 400 pL drop was sufficient to fill the 

entirety of the microdevice reservoir (Figure 4.4). When more than one drop was printed at a 

time, we observed overflow beyond the reservoir. Thus, one drop per microdevice was used 

during a single printing run. In order to fill the entirety of the microdevice reservoir with dry, 

packed drug, multiple runs were conducted with drying steps between each pass.  
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Figure 4.4. Drug printing quality-control images. A. Recognition of fiduciary markers for 

alignment to microdevices. B. Droplet detection to confirm proper formation of droplets at the 

desired volume. C. Quality-control images of devices immediately after printing confirm 

accurate localization of drug droplets within device reservoirs. 

 

To determine the optimal number of single drops that can be loaded into each 

microdevice, we systematically increased the number of drops up to 16 total drops per 

microdevice and characterized loading efficiency via SEM (Figure 4.5). For both topotecan and 

insulin, we observed gradual filling of the reservoir with increasing cycles. Imaging revealed that 
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approximately 10 drops was the ideal number for loading topotecan while 12 drops was ideal for 

insulin. Topotecan loading beyond 10 drops began to overfill the microdevice reservoir until the 

topotecan pellet delaminated from the reservoir. Insulin loading beyond 12 drops showed 

overflow but no delamination was observed. Loading drug by printing 400 pL droplets in 

multiple passes allowed for significantly higher loading capacity than previous loading 

approaches utilizing spin casting and photolithography. For example, spin-casting and UV-

crosslinking a 10 mg/mL insulin hydrogel solution to fill the 43.2 pL device reservoir volume 

would allow for loading of 0.432 ng of insulin per device. However, with inkjet printing, twelve 

400 pL drops of 10 mg/mL insulin were printed into each device for a total of 48 ng insulin per 

device, a >100-fold increase in loading capacity. 
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Figure 4.5. SEM images of devices loaded with increasing numbers of topotecan and insulin 

drops. SEM images of representative microdevices loaded with increasing number of 400 pL 

drops of (A) 10 mg/mL topotecan and (B) 10 mg/mL insulin. 
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4.5. Conclusion  

In this work, we demonstrate the use of inkjet printing to efficiently load two different 

drugs, topotecan and insulin, into microdevices. The advantages of the inkjet printer system lie in 

its high-throughput loading efficiency, accuracy, and programmability. Spotting drug directly 

into the reservoir minimizes drug waste. Additionally, multiple printing and drying cycles allow 

for significantly higher drug loading capacity than that achieved by currently available 

techniques limited to loading drug at its solubility limit. Furthermore, this method does not 

require UV light or heat which can damage sensitive therapeutics. Surface functionalization 

increased surface hydrophobicity, which allowed printed drug solution to localize into the 

microdevice reservoir and did not show significant cytotoxicity. Future studies will assess the 

stability and storage conditions of the drugs after printing and investigate microdevice capping 

and drug formulation to control drug release. This inkjet printing approach could be adapted for 

low-waste, high capacity loading of a number of drugs and drug formulations into planar 

microdevices for oral drug delivery. 
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Chapter 5 – Summary and Conclusions 

The work presented here describes approaches to incorporate nanoscale features into oral 

drug delivery microdevice technology. Specifically, PMMA microdevices were coated with PCL 

nanowires in one device design and sealed with polycarbonate membranes with interspersed 

aluminum oxide nanostraws in a second device design. For both designs, the nanostructures 

serve to increase device bioadhesion and provide a facile drug loading approach. The nanostraw 

devices, while fabricated though a lower throughput approach than the nanowire devices, have 

the advantages of providing tunable drug release rates and limiting exposure of loaded drug to 

outside biomolecules. Notably, the advantages provided by the nanoscale features do not 

compromise the planar, asymmetric design of the devices, allowing the devices to retain 

geometries that reduce force from fluid flow on the devices and provide unidirectional release of 

drug toward GI tissue. 

Previously, the scalability of microdevice technology has been limited by a lack of 

techniques to load drugs into devices in a rapid, low-waste approach. Furthermore, the drug 

capacity of the devices was limited by the solubility of the drug in the hydrogel matrix that the 

drugs were loaded in, dramatically reducing scalability for drugs with low solubility in the 

release matrix or requiring relatively high doses. By loading drugs by printing high-

concentration drug solutions directly into devices with multiple passes, the throughput and drug 

capacity of microdevices can be dramatically increased, expanding the number of drugs that 

could be incorporated into microdevices. 

These studies lay the groundwork for future pre-clinical work testing microdevice 

efficacy. While the advantages of the nanoscale features have been demonstrated here through in 

vitro and ex vivo studies investigating individual mechanisms by which they may enhance drug 
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delivery, future in vivo studies will demonstrate how these mechanisms may work together to 

increase the oral bioavailability of a wide range of drugs. Given their differing advantages and 

disadvantages, nanowire and nanostraw microdevices may be used for different applications. 

Specifically, because nanowire devices are surface-loaded with drug, resulting in relatively rapid 

drug release rates, these devices may most beneficial for esophageal drug delivery. Nanostraw 

devices, with lower throughput fabrication, tunable drug release, and ability to limit exposure of 

loaded drug to outside biomolecules, may be most beneficial for delivery of fragile and 

expensive biological therapeutics to various regions of the GI tract. Finally, the drug printing 

approach presented here may be applied to allow drugs with solubility limitations or high 

required dosages to be incorporated into microdevices and tested in pre-clinical studies. 
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