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ABSTRACT 

Nanostructured Surfaces for Drug Delivery and Anti-Fibrosis 

By 

Kimberly Renee Kam 

Joint Doctor of Philosophy in Bioengineering 

University of California, San Francisco 

University of California, Berkeley 

Professor Tejal A. Desai, Dissertation Committee Chair 

 

 Effective and cost-efficient healthcare is at the forefront of public discussion; on 

both personal and policy levels, technologies that improve therapeutic efficacy without 

the use of painful hypodermic needle injections or the use of harsh chemicals would 

prove beneficial to patients. Nanostructured surfaces  as structure-mediated permeability 

enhancers introduce a potentially revolutionary approach to the field of drug delivery.  

Parental administration routes have been the mainstay technologies for delivering 

biologics because these therapeutics are too large to permeate epithelial barriers. 

However, there is a significant patient dislike for hypodermic needles resulting in 

reduced patient compliance and poor therapeutic results. We present an alternative 

strategy to harness the body's naturally occurring biological processes and transport 

mechanisms to enhance the drug transport of biologics across the epithelium. Our 

strategy offers a paradigm shift from traditional biochemical drug delivery vehicles by 

using nanotopography to loosen the epithelial barrier.  
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 Herein, we demonstrate that nanotopographical cues can be used to enable 

biologics > 66 kDa to be transported across epithelial monolayers by increasing 

paracellular transport.  When placed in contact with epithelial cells, nanostructured films 

significantly increase the transport of albumin, IgG, and a model therapeutic, etanercept. 

Our work highlights the potential to use drug delivery systems which incorporate 

nanotopographical cues to increase the transport of biologics across epithelial tissue. 

 Furthermore, we describe current advancements in nano- and microfabrication for 

applications in anti-fibrosis and wound healing. Influencing cellular responses to 

biomaterials is crucial in the field of tissue engineering and regenerative medicine. Since 

cells are surrounded by extracellular matrix features that are on the nanoscale, identifying 

nanostructures for imparting desirable cellular function could greatly impact the field.  

Due to the rise in micro and nanofabrication techniques borrowed from the advances in 

the microelectronics industry, previously unattainable nanostructured surfaces on a 

variety of biomaterials can be generated. We investigated how nanostructured surfaces 

with varying nanofeature aspect ratios can influence fibrosis. Thus, nanostructured 

surfaces show substantial progress for therapeutic applications in drug delivery and 

wound healing. 
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C H APT E R 1: 
Introduction 

 
 Current advancements in the microelectronics industry have led to the creation of 

new nano and micro materials. These developments have laid the foundation for novel 

design possibilities that have been applied to biomedical needs. In contrast to traditional 

techniques, these fabrication methods allow for a higher level of design control that were 

never before possible. The microelectronics industry provides fabrication methods 

capable of providing nanometer structures in a wide variety of materials at high 

throughputs. These materials are fabricated using either "bottom up" or "top down" 

approaches. In "bottom up" methods, new materials are created from basic molecular 

components governed by thermodynamics and self-assembly principles. This method is 

limited by large variations in size, shape, surface charge and chemical composition. In 

contrast however, the "top down" method is a subtractive process from bulk starting 

materials and employs specialized microelectronics fabrication techniques. In this review 

article, we discuss how nano- and microfabrication techniques allow for a high level of 

design control for therapeutic delivery devices and for tissue engineering. 

Precise Nano- and Microfabrication  

 In the microelectronics industry, a precise pattern of metal lines, holes, or dopant 

atoms are created on a silicon wafer to generate an integrated circuit. Similarly, this 

general process can be applied to pattern a wide range of biocompatible materials for 

medical applications. It is a versatile and facile process that can be employed for the 
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preparation of drug delivery devices. Conventional photolithography can produce 

surfaces with ordered structures such as pillars, pits, wells, and grooves at micrometer 

length scales. It offers a high level of control over the sizes and shapes of drug devices. 

This method is a combination of three major unit process steps: 1) thin film deposition, 2) 

photolithography, and 3) etching as shown in Figure 1
1
. In the first step, a two 

dimensional layout of the features is designed using computer aided design (CAD) 

software and then printed onto a photomask template. Next, the pattern is transferred onto 

a substrate through photolithography. This technique exposes a photosensitive polymer to 

UV light according to the design of the photomask.  After exposure, the resist is 

developed to leave a relief pattern on the substrate. Resists can be either positive or 

negative and depend on whether the radiation exposure hardens or softens the resist's 

reaction to the developer. Finally, the resulting pattern which is not covered by the 

photoresist layer is etched anisotropically or isotropically using wet or dry chemical 

etching processes. A schematic of the general processes is shown in Figure 1. 

Microfabrication is a powerful tool to develop micron scaled features, but standard 

photolithography is limited by the wavelength of light and is only capable of generating 

features with a lower resolution limit between 0.5-1 !m
2
.   
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Other techniques such as electron beam lithography followed by nanoimprint lithography 

are  

capable of generating nanofeatures that are not limited by the diffraction limit of light. 

This technique is a stamping process capable of generating nanometer scale patterns as 

small as 10 to 25 nm and was developed by Chou et al. in the 1990's
3,4

.  In contrast to 

conventional photolithography, nanofeatures are generated by the direct mechanical 

deformation of a thermoplastic material using a mold with nanofeatures. The molds are 

F igure 1| A schematic representation of conventional photolithography with negative or 

positive photoresist. A substrate, usually made of silicon, is exposed through a mask to 

generate the pattern. Depending on whether the photoresist is negative or positive, the 

photoresist is developed to remove soluble regions, and then etching is used to transfer the 

pattern into the underlying substrate. Reproduced from 
44

.  

"
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fabricated using electron-beam lithography as shown in Figure 2. Specifically, a polymer 

resist material such as PMMA is spin casted onto a silicon wafer. The electron beam 

rastors across the resist according to the pattern that is programmed into the computer. 

After developing away the unreacted resist material, reactive ion etching is employed to 

anisotropically etch the underlying silicon wafer. Using plasma ignited by an RF signal, 

ions bombard the underlying silicon through chemical and physical etching to generate a 

mold for NIL. Next, the nano-featured mold is brought into contact with a thermoplastic 

material, and the temperature is raised above the glass transition temperature while the 

pressure is raised above the elastic modulus of the material to transfer the nano pattern as 

shown in Figure 3. This stamping process allows for rapid patterning of larger areas and 

is low-cost since it does not require specialized equipment. These nanoimprint 

lithography techniques can be integrated into drug delivery devices or stand alone as 

devices in themselves. 
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F igure 2| a) Silicon molds for NIL can be fabricated using electron beam lithography to 

beat the diffraction limit of the wavelength of light. Reactive ion etching is then used to 

anisotropically etch the underlying silicon wafer. At the end of this process, a silicon 

mold is generated that is used for the stamping. b) The first step in NIL is to bring the 

mold in contact with the thermoplastic polymer thin film (for example, polypropylene). 

The temperature is increased above the Tg of the material and the pressure is increased 

above the elastic modulus of the polymer to transfer the nano pattern to the thin film. 

 Additionally, another method involves patterning chemical molecules onto a 

surface using an elastomeric mold or stamp which is typically made from 

poly(dimethylsiloxane)
5
. This technique is referred to as nano- or microcontact printing 

(nCP or µCP), depending on the stamp feature sizes. The molecules are coated onto a 

rigid stamp before contacting the substrate. Although this process is attractive because of 

the low-cost of fabricating the stamp, it is limited by the material distortion during 
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contact with the substrate. In both !CP and nCP, imprinting is limited by the reliability of 

the stamp and the defects from the fabrication process
6
.  

  Other "top-down" methods include shaping spherical microparticles or 

nanoparticles into various geometries as payloads for drug delivery.  For example, 

DeSimone's group recently developed a method called Particle Replication In Non-

wetting Templates (PRINT)
7
. This technique is capable of fabricating monodisperse 

particles with precise control over the structure, geometry, and moduli of the resulting 

particles
8
. Another method reported  by Champion and Mitragotri employs spherical 

particles as starting materials and manipulates the morphologies to generate non-spherical 

particles. This technique consists of embedding the polystyrene spheres in a polymer film 

before stretching the film to create ellipsoidal particles. Through this technique, they 

were able to produce twenty different three dimensional shapes with 200 nm polystyrene 

spheres as the starting material
9
. Clearly, there is a plethora of nano- and microfabrication 

techniques to precisely design and prepare drug delivery devices.   

C H A L L E N G ES  T O DRU G D E L I V E R Y 

T ight Junctions and Cell Membranes 

 There are many challenges to delivering therapeutic agents, ranging from 

physiological properties of the tissue to physicochemical properties of the drug as 

outlined in Figure 3. Within the physiological category, the hydrophobic membranes of 

cells form a highly impermeable barrier to most polar and charged molecules. The plasma 

membrane is composed of a fluid mosaic of tightly packed lipid molecules interspersed 

with proteins that are in specific conformations for structural support
10

. This selectively 
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permeable membrane presents a physical barrier to drug absorption and limits absorption 

to specific routes and mechanisms.   

 In addition, the barrier function of the epithelia has important implications for 

drug delivery. Epithelial tissues compartmentalize the body into cavities and are 

composed of specialized cells that are sealed together by tight junctions in the 

intercellular space. The paracellular pathway around the cells is one of the main routes 

for drug diffusion. However, the tight junction pores are small and are approximately 0.5-

2 nm, while the hydrodynamic volumes of conventional therapeutics range from few to 

several hundred nanometers
11

. Therefore, the tight junctions are a major barrier to drug 

delivery, particularly for large molecular weight therapeutics
12

. In order to deliver large 

molecules systemically, hypodermic needle injections are administered which have 

several disadvantages including: low patient compliance, accidental needle-sticks, and 

the associated medical personnel costs. 

 

Mucosal Layer 

 Drugs that are delivered through mucosal epithelia such as respiratory and 

alimentary tracts, encounter a mucosal membrane that acts as a significant barrier to drug 

penetration. Mucus is composed of long, entangled glycoprotein molecules called mucins 

that are arranged in a block copolymer-like structure of branched and un-branched 

blocks. They serve as a lubricant and protective layer for the body. Mucous is composed 

of 95% water, 4% mucin, and 1% inorganic salts, carbohydrates and lipids
13

. The 

viscoelasticity of mucus acts as a mechanical barrier to drug passage.  Penetrating this 
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layer would be beneficial to the delivery of drugs across mucosal tissues such as 

gastrointestinal tract, buccal, vaginal, or lung routes for example.  

 

Clearance 

 Many drug delivery devices are plagued by the short residence times that they 

have in contact with the underlying absorption surfaces
14

. For example, in the respiratory 

tract, mucus is involved in the process of mucociliary clearance. In this process, mucus 

entraps substances (dust and microorganisms), within a viscoelastic mucus layer. It is 

then propelled by the cilia towards the throat and the particulates are swallowed
10

. 

Although this is a beneficial process for hazardous substances, drug delivery devices are 

cleared in this way. Additionally, in the gastrointestinal tract, the residence time is 

affected by the peristaltic environment which leads to rapid clearance. Therefore, 

increasing the residence times for devices is essential for improving drug delivery. 

1.1 Nano- and Microfabrication for overcoming drug delivery challenges 

 There have been numerous papers that have reported biochemical approaches to 

mucosal adhesion using agents such as lectins and chitosan
15,16

. These chemicals have 

shown to be effective, but they are limited by batch-to-batch repeatability and are 

expensive to incorporate into a device. Recently however, a new area in bioadhesion has 

emerged which relies purely on nanostructural and geometrical cues. This structure-

mediated approach is an elegant solution to improve the drug residence time in contact 

with the epithelium, particularly with mucosal tissue. Specifically, a chemical vapor 

deposition (CVD) method was reported in which silicon nanowires were grown from 
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silica microbeads (30-50 !m in diameter)
17!19

. It was observed that these fabricated 

devices significantly increased bioadhesion to mucosal tissues in vitro and in vivo. 

Nanowires were also shown to upregulate the mRNA expression levels of PKC which 

regulates the tight junctions by controlling the contraction of the acto-myosin filaments. 

Therefore, these nanostructures induced cellular restructuring via mechanotransduction 

pathways by interacting with cells at previously unattainable length scales as supported 

by the morphological changes in tight junction proteins (ZO-1 and Claudin 1)
17

. 

Therefore, these nanoengineered microparticles were able to loosen the tight junctions 

and significantly enhance bioadhesion, thereby increasing the residence time for model 

drugs
17

.  

 Others have investigated how gecko-inspired nanostructures can increase 

adhesion to tissues. Geckos stick to a variety of surfaces through their hierarchically 

structured foot pads, which are finger-like spatulas made of beta-keratin. They adhere to 

surfaces because of their high surface area to volume ratio of nanosized spatulae, which 

together adhere to surfaces arising from weak secondary bond forces called van der 

Waals forces
20

. Although most of the research has investigated dry adhesion, Izadi et al. 

has developed nonsticky fluoropolymer films that have exhibited remarkable adhesion in 

both dry and wet conditions due to van der Waals forces, electrostatic attractions, and 

hydrophobic effects
21

. Lee et al. has also developed a reversible adhesive material that is 

effective in both wet and dry environments
22

. They fabricated a regular nanopillar array 

on a substrate material of poly(dimethyl-siloxane) (PDMS) elastomer using electron-

beam lithography. Combined with a mussel-mimetic polymer layer, the device was able 

to reversibly adhere under wet conditions. In another report, a biocompatible and 
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biodegradable elastomeric material was used for fabricating gecko-inspired adhesives 

using a silicon template made from photolithography and reactive ion etching. The 

polymer was cast into the mold and cured by UV light to create nanoscale pillars. Like all 

micro and nanofabrication techniques, this method was highly controlled and tunable, 

allowing them to systematically vary the dimension of the nanoscale pillars. They 

investigated the ratio of the tip diameter to pitch distance to determine the parameters that 

lead to enhanced wet tissue adhesion
23

. These gecko-inspired fabrication techniques are 

novel approaches that could be applied to drug delivery devices for enhancing the drug 

residence time by improving adhesion to mucosal tissues. 

 A strategy to overcome the challenge of fast clearance has been addressed by a 

number of different groups. For example, Adriani et al. recently reported the fabrication 

of mesoporous nanoparticles in disk-like and rod-like shapes to improve particle adhesion 

under microvascular shear flow conditions
24

. The mesoporous nanoparticles were 

fabricated using a three-step process consisting of 1) porosification of the silicon film 

through electrochemical etching, 2) photolithography to pattern the film, and 3) reactive 

ion etching to form particles. They discovered that the intermediate sized disk-like 

particles and the largest rod-shaped particles adhered the strongest compared to other 

sizes. This microfabrication strategy of precisely tuning the size and shape of particles to 

enhance adhesion could have significant benefits for drug delivery by increasing the drug 

residence time with the epithelium. 

 Another innovative strategy to overcome the barrier function of the epithelium, 

and in particular stratified epithelium, is through the use of microneedles. Microneedles 

pierce the skin in a non-invasive and painless way. They penetrate the outer 10-20 !m of 
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the skin, creating shunts to the dermis for delivering drugs topically or systemically. 

Microneedles are fabricated with a wide range of materials and are typically fabricated as 

an array of up to hundreds of microneedles over a substrate. The first microneedles were 

produced from silicon wafers by photolithography followed by deep reactive ion 

etching
25

. Other production methods have recently been developed for creating less 

expensive and biocompatible materials such as metal, polymer, and sugar-based 

microneedles. Metal microneedles are mainly produced through laser cutting from sheet 

metal and bending them perpendicularly out-of-plane. Polymeric microneedles can be 

biocompatible and because of their viscoelastic properties, they are less prone to 

breakage once in the skin
26

. Drugs can also be incorporated into biodegradable polymeric 

microneedles for controlled delivery.  

 Microneedles have proven effective throughout the literature. While many groups 

have reported how microneedles enhance the permeability of low and high molecular 

weight compounds
27,28

, recent papers have also found microneedles to be effective for 

vaccine delivery. In one recent study by Matsuo et al., a dissolving hyaluronate 

microneedle array was used as a transcutaneous immunization device to improve 

protective immune responses for vaccine antigens
29

. There have also been reports on 

improving upon the traditional design of microneedles. For example, Chu et al. recently 

investigated separable arrowhead microneedles, which is a novel approach to the current 

limitations of polymer and metal microneedles
30

. The arrowhead tips contain 

encapsulated drug and immediately separate from the metal needle shaft once inserted 

into the skin. This strategy allows for a quick, safe, and self-administered therapy as an 

alternative to hypodermic needle injections. The metal shafts provide strong mechanical 
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integrity which allows for skin insertion, and the detachable arrowhead tips eliminate 

biohazardous sharp waste enabled by dissolving microneedles. Therefore, 

microfabrication has enabled the systemic design of microneedle arrays in order to 

overcome the barrier of stratified epithelium for transdermal drug delivery. 

 Microfabrication enables the rational design of nano and microparticles with 

different shapes and geometries in order to probe the cell membrane barrier. The shape of 

the particle influences a number of behaviors associated with drug delivery. For example, 

recent studies have reported that particles of various non-spherical geometries influence 

the rates of cellular internalization. In one study, HeLa cells were reported to internalize 

nonspherical particles made by PRINT processing that resemble rod-like bacteria with 

dimensions as large as 3 !m
31

. However, other studies by this group showed that cubic 

particles with lengths of 3-5 !m were not internalized. They reported how the particles 

with higher aspect ratios seemed to exhibit higher internalization rates than the lower 

aspect ratio cubic particles. However, it appears that aspect ratios that are too high have 

greater difficulty being internalized by macrophages. Studies by Geng et al. and Sharma 

et al. reported that particles with aspect ratios greater than 23 exhibited reduced 

phagocytosis, and studies by Champion et al. also show that aspect ratios greater than 20 

are not phagocytosed
9,32,33

. The observed trends in particle aspect ratio could be 

explained by the thermodynamic and kinetic modeling and analyses reported by Li et 

al.
34

. They constructed an endocytosis phase diagram of radius versus particle aspect ratio 

for the conscious design of drug delivery nanoparticles. In this paper, Li et al. reported 

that the optimal nanoparticle radius for the fastest endocytosis rate is 25 nm. This 

minimum radius decreases as the aspect ratio increases which would explain the 
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empirical results from the studies by Geng et al., Sharma et al., and Champion et al.. 

 In other studies, nano and microtopographical cues were discovered to modulate 

cellular internalization rates. For example, Teo et al. cultured mesenchymal stem cells 

and monkey kidney fibroblasts on nano and micropillar substrates that were fabricated 

with electron beam lithography followed by nanoimprint lithography
35

. After FACs 

analysis, they reported higher cellular internalization of fluorescently labeled dextran 

when cells were cultured on the micon sized pillars. They hypothesized that these larger 

pillars were able to induce more actin-dense regions compared to the smaller nanopillars. 

This phenomenon would translate into higher intracellular contractility, upregulation of 

Rho GTPases, and higher rates of macropinocytosis.  

 Furthermore, another advantage of microfabrication is that it is capable of 

creating microdevices with precisely controlled modular components that are tailorable 

for specific drug delivery applications. For example, Bernards et al. recently reported a 

novel fabrication method to create nanoporous thin films for the zero-order release of a 

small molecule and protein
36

. The theory behind this approach is that the nanopores were 

made to be on the same length scale as the drug of interest so that single-file, 

concentration-independent transport was achieved. Bernards et al. grew zinc oxide rods 

hydrothermally and used the resulting nanorods as a template. They then spin casted a 

solution of biodegradable polycaprolactone onto the nanostructured template. After 

etching away the ZnO in a weakly acidic solution, a nanoporous PCL thin film was 

achieved. Others have reported similar nanoporous membranes fabricated through 

different methods. For example, nanoporous PCL thin membranes were fabricated for 

zero-order drug release of IFN-", an antitumor agent. This group recently reported a hot 
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embossing technique followed by phase inversion to create nanoporous membranes with 

pores of approximately 20-60 nm
37

. These nanofabrication methods allow for controlled 

nano-pore sizes to achieve zero-order drug release.  

 

F igure 3| Zinc oxide nanowires were grown hydrothermally on an underlying substrate 

and served as a template. Afterwards, a thin layer of polycaprolactone was spin casted 

onto the nanowires. The nanowires were then etched away, resulting in a nanoporous 

membrane. The nanopores allow for single-file linear diffusion across the nanoporous 

membrane. 

 

 Microfabrication has also been reported in the development of devices for 

overcoming the drug targeting and adhesion barriers in gastrointestinal drug delivery. For 

example, Ainslie et al. developed a device for the asymmetric delivery of 

chemotherapeutics from microfabricated patches made by photolithography techniques. 

The micropatch device consisted of a protected drug reservoir that concentrated the 

chemotherapeutic in a hydrogel which has advantages over traditional spherical particles. 

The planar patch geometry allows for unidirectional concentration gradients unlike the 

radial concentration gradients from spherical particles. This reduces the necessary 



!&"

"

therapeutic volume and subsequently decreases drug toxicity to neighboring tissues. 

Finally, the microfabrication methods allow for a controlled ways to load multiple 

therapeutic agents by successive spin-coating and photolithography steps. 

 

F igure 4| An outline of the various drug delivery challenges that are overcome by nano 

and microfabrication. a) Claudin-1 tight junction fluorescence has a higher intensity and 

a greater thickness in the control monolayer compared to when the epithelial monolayer 

was incubated with nanowires
17

. b) Nanowires lead to higher bioadhesion due to the 

higher surface area to volume ratios for higher van der Waals interactions 
18

. c) 
Microneedles penetrate the skin and disrupt the stratum corneum in transdermal drug 

delivery
50

. d) Nanoparticles of varying geometries lead to differences in cellular 

internalization rates
31

. e) Planar devices contribute to asymmetric concentration gradients 

for enhanced therapeutic delivery
1
.  
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1.2 Nanofabrication for tissue engineering applications 

 In addition to drug delivery device applications, nano- and microfabrication 

techniques have enabled new strategies for  regenerating injured tissues. The goal of 

tissue engineering is to restore function by delivering cells, biological factors, and a 

biomaterial scaffold for cells to adhere, organize, and develop into native tissue. For 

many wounds, the "repair" mechanism is more dominant compared to the "regeneration" 

mechanism, and as a result, scar tissue is formed instead of well-oriented tissue. With the 

rise in nano- and microtechnology, researchers now have the tools to recapitulate the 

submicron architecture of the extracellular matrix. These different nano- and 

microtechnologies enable researchers to begin understanding the cell-material 

interactions at the nanoscale and to better influence desired cellular behaviors. 

 One novel strategy for tissue engineering is the fabrication of nanofibers to mimic 

the fibril architecture of the extracellular matrix. ECM contains many biological fibrils 

that have diameters ranging from tens of nanometers to micrometers in scale
38

. They 

serve as not only structural support, but also as a guide for tissue morphogenesis, cellular 

differentiation, and tissue remodeling. Nanofibers can be fabricated by electrospinning 

strategies, one of the most promising techniques for designing 3D-scaffolds for tissue 

engineering applications. It uses an electrical charge to draw very fine (micro to nano 

scale) fibers from a liquid. There has been much evidence in the literature that nanofibers 

can be used as tissue engineering scaffolds to accelerate wound healing in dermal 

substitutes, blood vessel regeneration, and nerve repair
39!41

. As an example, in a report by 

Kurpinski et al., epidermal skin cell migration was observed to be significantly higher 

when the nanofibers were aligned compared to when they were unaligned. They reported 
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that the aligned nanofibers allowed for the cells to more easily penetrate the scaffold. 

These results demonstrate the importance of biophysical properties and extracellular 

matrix architecture on cell infiltration
42

. In another study by the same group, bi-layer 

nanofibrous nerve conduits were fabricated where the luminal layer had longitudinally 

aligned fibers to guide nerve regeneration and the outer layer had randomly organized 

fibers for structural support. They showed in vivo that the alignment was superior to the 

random nanofibrous conduits. These different studies on nanofibers strongly support the 

argument that fibril architecture on the nanoscale is critical to tissue regeneration
43

. 

 Controlled interactions of cells on biomaterial substrates is a critical prerequisite 

for tissue engineering approaches. It is hypothesized that the in vivo nano-architecture of 

the ECM contributes to these cellular behaviors. One technique in particular, nanoimprint 

lithography, has enabled researchers to  understand the connection between cellular 

behavior and surface geometry, roughness, and feature size in a systematic way
44

.  It is a 

promising method for exploring tissue engineering and integrates both high resolution 

with high throughput at a low cost. In one study by Yim et al., grated substrates made 

from NIL resulted in more elongated smooth muscle cells compared to non-imprinted 

substrates
45

. Similarly, multiple-layers of nanograted tissue culture polystyrene were 

formed by successive nanoimprinting to form a 3D scaffold in vitro. The nanogratings, 

ranging from 350 nm to 10 !m, led to significantly higher cell elongation and alignment 

of bovine pulmonary artery smooth muscle cells
46

. Additionally, nerve cells grew on top 

rather than inside nano-patterned grooves (100-400 nm wide) made from NIL as seen in 

Figure 4
47

. Therefore, NIL has proven to be a powerful method that is capable of coaxing 
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seeded cells to orient in specific ways and may eventually lead to therapeutic applications 

in vivo. 

 

 

 Other nanostructured strategies have reported to have differential effects on 

various cell types. For example, surfaces treated with ionic plasma deposition result in a 

high degree of surface roughness on the nano length scale. Nanorough surfaces are 

desirable to achieve improved osteoblast function and decreased fibroblast functions, thus 

decreasing scar formation. In a study by Cohen et al., the high degree of nano-roughness 

prevented fibroblasts from attaching to the implant material and proliferating
48

. In 

F igure 5| a) Axons are clearly aligned with the imprinted 

pattern (200 nm width and 400 nm pitch) compared to the 

unimprinted regions where the axons exhibit more random 

growth (the arrow indicates the border of the nanoimprinted 

pattern). b) (100 nm width and 500 nm pitch). c) (400 nm 

width and 800 nm pitch). The axons grow on the top of the 

ridges and not in the grooves. Taken from 
47
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addition, a study by Peng et al. also showed that titanium nanotubes led to significantly 

enhanced endothelial cell proliferation and decreased smooth muscle cell proliferation, as 

an application for decreasing restenosis in stent devices
49

. This strategy of using 

nanostructures to have differential effects on cell types could be applied to other tissue 

engineering studies as well.    

Future directions 

 The  new field of nano and microfabrication research has considerable room for 

growth and offers exciting new therapeutic applications. Nano- and microfabrication will 

continue to be investigated for therapeutic applications because of the ability to combine 

modular components such as shape, geometry, and size into a single device. Future work 

may include a further understanding of how the device influences specific biological 

processes on the nano- and microscale that could be harnessed for drug delivery and 

tissue engineering applications. This would enable the exploration of a spectrum of subtle 

interactions that were previously unattainable.  

 Although this field has demonstrated promising results so far, it's important to 

recognize that it is still in its infancy. Most studies have been performed in only in vitro 

models. In vivo considerations such as biodistribution, toxicity, protein adsorption, 

wound healing responses, and device removal have had limited exploration. Furthermore, 

until recently, research in the area of cellular responses to nano- and microtopography 

have been limited to qualifying morphological parameters such as alignment, area, and 

elongation. However, a major limitation in this area of research has been the lack of 

controllable and definable chemistries, protein adsorption, and adhesion. However, as the 
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barrier between biology and engineering decreases, these areas will soon be addressed. 

Therefore, the field of nano- and microfabrication research has considerable room for 

growth and offers exciting possibilities for the future of drug delivery and tissue 

engineering. 
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C H APT E R 2: 

Nanostructured Surfaces for Loosening the Epithelial 

Barrier Function 

 
 The tight junctions of epithelial cells present a major obstacle to drug delivery 

which limits absorption of molecules greater than 0.5 - 20 kDa. W e present a novel 

platform composed of nanostructured polymer surfaces that enable biologics > 66 

kDa to be transported across epithelial monolayers by reversibly increasing 

paracellular transport through tight junctions.  Various nanostructures differed in 

the ability to enhance permeability.   When placed in contact with epithelial cells,  

the most effective nanostructured surfaces increased transport of albumin, IgG , and 

etanercept by more than 10-fold. This work highlights, for the first time, the 

potential to use nanotopographical cues, rather than chemical agents, to increase the 

transport of biologics.  

2.1 B A C K G R O UND 

 Although injections have been the mainstay technology for delivering macromolecular 

therapeutics, bolus injections can invoke an immune response leading to poor 

bioavailability and clinical efficacy. In addition, injections are limited by the patient 

discomfort and the need for physician oversight which can lead to a lack of compliance.  

Alternative drug delivery systems have been developed to utilize routes through more 

convenient and accessible tissues, such as the epithelia of the nose, mouth, eye, skin, and 

gastrointestinal tract 
1!6

. However, because the physiological function of the epithelia is 

to prevent entry of toxins into the body, numerous barriers prevent absorption of larger 
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molecules.  Tight junctions, fast clearance, and charge interactions combine together in 

different tissues to form barriers that prevent the entry of molecules larger than 20 kDa in 

the gastrointestinal tract down to 0.5 kDa in the stratum corneum of the skin
57,58

.  

 To  improve the distribution and absorption of biologics, new delivery techniques need 

to be developed that enhance clinical efficacy and safety through specific control over 

drug transport mechanisms in epithelial tissue. Recent studies have shown that micro- 

and nanostructures can induce cellular restructuring via mechanotransduction pathways 

by interacting with cells at previously unattainable scales 
31,59!62

. Specifically, in the 

context of drug delivery systems, it has been shown that structure and geometry play a 

large role in determining the efficiency of particle uptake by cells
 9,11

.   More recently, 

Fischer et. al demonstrated considerable cytoadhesive properties for drug delivery 

applications of nanoengineered microparticles with nanowires having dimensions 

comparable to the size of cellular microvilli 
14

.  

 Inspired by this structure-mediated approach to drug delivery, we report for the first 

time that a therapeutic biologic (etanercept), with a molecular weight of 150 kDa, can be 

transported across the epithelial barrier without the use of chemical moieties.  We 

demonstrate that the transport enhancement results from interactions between a 

nanostructured polymer surface and the epithelial cells, reversibly altering transport by 

utilizing inert mechanical cues. This platform approach to drug delivery is a paradigm 

shift from traditional biochemical strategies and could greatly impact the field of drug 

delivery.  
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2.2 M A T E RI A LS & M E T H O DS  

Fabrication of Nanostructured F ilms  

 Molds for NIL were generated using  the JEOL JBX-9300FS EBL System  and 

selective reactive ion etching. The molds were stamped into FDA-approved 

polypropylene (Premier Lab Supply Inc., 25.4 mm) and polystyrene thin films (Plastic 

Suppliers Inc ., 50.8 mm). The polymer thin films were placed in contact with the 

nanostructured molds and exposed to a temperature of 170
o
C  and a pressure above the 

elastic modulus of the polymer films using an Obducat 6-inch nanoimprint lithography 

system. Afterwards, the mold was removed, resulting in well-defined nanofeatures. 

 

Cell Culture 

 Human intestinal Caco-2 cells (American Type Culture Collection (ATCC), 

#$%$&&$&'()*+(,-.-(/0120.-3(4%(#5#(,426(5$.1-7&(899(&0::1-;-%2-3(,426(<=>(?89'(

1% penicillin-streptomycin, and 1% sodium pyruvate, in an atmosphere containing 5% 

CO2 and 90% relative humidity at 37
o
C. The cells were subcultured at 90% confluency 

by trypsinization with 0.05% trypsin-EDTA. Cells from passage numbers between 12 and 

18 were used for the experiments. 

 

T ransport studies  

Caco-2 cells were grown to confluency on Transwell permeable supports (Corning) until 

tight junctions formed as measured by a transepithelial electrical resistance (TER) value 

greater than 400 Ohm x cm
2 

(World Precision Instruments). The nanostructured films 

were placed in contact with the epithelial monolayer barrier. Next, a PBS solution 



#%"

"

(Invitrogen) containing either FITC-BSA (Sigma-Aldrich, 66 kDa), FITC-IgG (Sigma-

Aldrich, 150 kDa), or etanercept (Immunex Corp., Thousand Oaks, CA, 150 kDa) was 

introduced to the apical side of the well inserts. The concentration on the basal side of the 

insert was sampled at different time points and measured with a fluorometer and 

microBCA assay (Pierce Biotechnology). To test for active transport from tight junction 

remodeling , the transport studies were conducted at either 4
o
C or 37

o
C and were 

equilibrated at the designated temperature for 30 minutes before commencing.  

 

T ranscellular Biochemical Blocking 

Etanercept transport studies were performed in the presence of Dynasore to block 

dynamin-mediated endocytosis transport across the Caco-2 cell monolayer. Dynasore 

(BioVision) was reconstituted in DMSO at 80 mM and then diluted in MEM-

to 80 !M. After washing the Caco-2 monolayers with PBS, the cells were incubated at 

37
0
C in the presence of the Dynasore solution. Transport studies were performed as 

described above in the presence of the nanostructured films. To block caveolae 

endocytosis, caco-2 monolayers were incubated with genistein (200 !M) for 1 hour at 

37
o
C before performing the transport studies in the presence of the nanostructured 

surfaces as previously reported
63

. 

Immunofluorescence staining of Z O-1 

 Cell monolayers from the transport studies were stained for zonula occludens-1 

(ZO-1) to visualize the morphology of the tight junctions after contacting the 

nanostructured surfaces for 2 hours and then at 24 hours after the nanostructured surfaces 

were removed. Methanol at 4
o
C was used to fix and permeabilize the cells. The samples 
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were incubated with a primary antibody (ZO-1 rabbit polyclonal antibody, Invitrogen) 

solution diluted 1:100 at 25
o
C for 1 hour. After washing with PBS, a 1:100 secondary 

antibody solution (Abcam) was added for 1 hour at 25
o
C. The samples were then 

mounted for confocal microscopy imaging.  

 

qPC R Studies 

 Caco2 cells were seeded at a density of 50,000 cells in a 96-well tissue culture 

plate.  P(1.5) or P(flat) surfaces were placed in contact with the cells for 2 hours at 37°C.  

Cell lysis, reverse transcription (Eppendorf), and qPCR (Applied Biosystems, 

StepONEPlus) were performed using the Fast SYBR Green kit in accordance with the 

;$%0@$/20.-.7&(4%&2.0/24A%&B((C6-(-D:-.4;-%2(,$&(:-.@A.;-3(4%(2.4:14/$2-(E%FG+($%3(26-(

evaluation of mRNA expression by qPCR was also performed in triplicate.  The 

-D:.-&&4A%(A@(H*IJK(E@A.,$.3(L7(MCMCMCHMCMMCMMCHCC(MH-G7'(.-N-.&-(L7-

GCCCAATACGACCAAATCC-G7+'(OP-Q(E@A.,$.3(L7- 

TGTGAGTCCTTCAGCTGTGG-G7'($%3(.-N-.&-(L7- TTTCCTGCTCAACTCCTTCG-

G7+'(A/1%(E@A.,$.3(L7- ACCGAATCATTATGCACCAAGC-37'(.-N-.&-(L7- 

AGATGGCAATGCACATCA CAA-G7+'(#RMS(E@A.,$.3(L7- 

CCCGAGGTTGTCTGGTTCAAA-G7'(.-N-.&-(L7-GCAGGTGTACTTGGCATCGT-G7+'(

$%3(?*S(E@A.,$.3(L7- GGCCTGCTTTGGATTCCG C-G7'(.-N-.&-(L7- 

CAGTGAACCTCCTCTGACCG-G7+(,-.-($%$1TU-3B((C6-(.-&012&(@.A;(26-(.-$1(24;-(IMR 

,-.-($%$1TU-3(0&4%V(26-(WWM2(;-26A3($%3(%A.;$14U-3(2A(H*IJK(2.$%&/.4:2(1-N-1&B 

Statistical analysis 
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 Data are reported as mean values +/- standard deviation.  Multiple comparisons 

were analyzed with a one-way ANOVA test followed by the Holm t-test. P-values of less 

than 0.05 were considered statistically significant 

2.3 R ESU L TS 

Fabrication of nanostructured surfaces  

 Four distinct categories of nanostructured surfaces were fabricated through 

nanoimprint lithography and injection molding as presented in Figure 6: a polypropylene 

film with nanopillars (average height, H = 300 nm, average diameter, D = 200 nm, aspect 

ratio (AR) = 1.5, surface roughness = 47nm); a polypropylene film with higher aspect 

ratio nanopillars (H = 16 um, D = 800 nm, AR = 20, surface roughness = 850 nm);  a 

polystyrene film with nanopillars (H = 1µm, D = 200 nm, AR = 5, surface roughness = 

73 nm); and finally, a polystyrene film with 3 different nanopillars combined in a fractal 

pattern with the largest pillar diameter of 1!m having an average height of 520 nm, the 

medium pillar diameter of 400 nm having an average height of  560 nm, and the smallest 

pillar diameter of 200 nm having an average height of 680 nm. The AR ratios for the 

three structures were 0.5, 1.4, and 3.4, and the average surface roughness was 145 nm.  

All films will be referred to as either P or S for polypropylene or polystyrene 

.-&:-/24N-1T'(@A11A,-3(XT(26-(%$%A&2.0/20.-($&:-/2(.$24A(4%(:$.-%26-&-&(E-BVB(YIEQBL+Z(

encodes for the polypropylene film with a nanostructure aspect ratio of 1.5).  
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Nanotopography enables biologics to traverse epithelial monolayers 

Drug transport was investigated using confluent monolayers of Caco-2 cells in 

contact with the nanostructured surfaces. The Caco-2 cell line is a commonly used 

transport model of the epithelium. Transport studies were performed by first growing a 

confluent Caco-2 monolayer on Transwell inserts and then placing the nanostructured 

surface in contact with the already-formed epithelial barrier. This is a significantly 

different setup than other studies in the literature where epithelial cells are grown directly 

on the nanostructured surface
64!66

.  Next, a solution of one of the following proteins was 

introduced onto the apical side of the monolayer:  bovine serum albumin conjugated to 

fluorescein isothiocyanate (FITC-BSA, MW = 66 kDa), immunoglobulin G conjugated to 

F igure 6| The structure-property relationships of the nanostructured surfaces. 
Polypropylene nanostructured surfaces are designated by "P" while polystyrene 

nanostructured surfaces are indicated by "S." The number in parenthesis corresponds to the 

aspect ratio of the nanofeature as measured by the ratio of the average height to the average 

diameter. Scale bars for P(1.5) is 400nm while the scale bars for P(20), S(0.5, 1.4, 3.4), and 

S(5) are all 3 µm.  Surface roughness schematics of the nanostructured surface in contact 

with an epithelial cell represent how increased surface area results in fewer focal contact 

points (black circles) for integrin-ligand engagement to remodel the tight junctions and 

decrease the epithelial barrier function. 
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FITC (FITC-IgG, MW = 150 kDa), or etanercept (MW = 150 kDa). At different time 

points, the concentration was measured on the basal side of the transwell insert. 

The P(1.5) surface, with its relatively low aspect ratio of 1.5 and low surface 

roughness of 47 nm improved the transport properties the most for all proteins tested in 

the polypropylene group (Figure 7). The S(0.5, 1.4, 3.4) surface, exhibiting similarly low 

aspect ratios of 0.5, 1.4, and 3.4 and a surface roughness of 145 nm was the best 

performing polystyrene surface. Interestingly, the P(20) surface with the highest aspect 

ratio and surface roughness had the lowest permeability and displayed similar effects on 

transport as the untreated and unimprinted controls. From the results in Figure 7, it 

appears that an optimal surface roughness exists in the range of 47-145 nm to disrupt 

epithelial barrier function and enhance permeability. Additionally, drug transport across 

the cell monolayer is optimized when the nanostructure aspect ratio ranges from 0.5 to 

less than 5. These two trends are consistent for both the polypropylene and polystyrene 

nanostructured surfaces, indicating that the enhanced drug transport is not simply related 
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to chemical differences and is largely a nanotopographical effect.

 

 

 

 

 

 

 

Mechanisms for enhancing transport 

The enhanced drug transport could be due to different mechanisms that can be 

broadly classified as either passive or active cellular processes. The nanostructured 

surfaces could: mechanically disrupt the tight junction proteins that seal cells together, 

trigger active tight junction remodeling to allow for paracellular transport, and/or invoke 

transcellular pathways requiring energy-dependent processes. To investigate these 

F igure 7| In vitro transport studies. Permeability studies show that the nanostructured 

surfaces with lower aspect ratios and lower surface roughnesses significantly enhance the 

transport of high MW species across the Caco-2 cell monolayers over 2 hours. Data is 

displayed as the mean (+/- standard deviation) fold increase over the initial point which is 

the time when the nanostructured films were placed in contact with the cells. A value of 

"1" corresponds to no change in drug transport. a, b, and c are the transport of FITC-

BSA, FITC-IgG, and etanercept, respectively, across the cell monolayers in contact with 

the nanostructured polypropylene surfaces. d, e, and f are the transport of BSA-FITC, 

IgG-FITC, and etanercept, respectively, across the monolayers in contact with the  

nanostructured polystyrene surfaces. P (1.5) and S(0.5, 1.4, 3.4) induce the highest drug 

transport for the polypropylene and polystyrene films, respectively. g It appears that the 

IgG-FITC (green) is located around the Caco-2 cells (blue Hoechst) in the paracellular 

space. Scale bar is 20 !m. 



$+"

"

mechanisms, the transport studies were performed at 4
o
C and 37

o
C  to elucidate whether 

active processes were at play (Figure 4).  When the monolayers were maintained at 37
o
C, 

transport was significantly enhanced. However, when the monolayers were maintained at 

4
o
C compared to the physiological temperature (37

o
C), etanercept transport remained 

unchanged over 4 hours. Therefore, this study suggests that the nanotopography induces 

active transport processes through either tight junction remodeling to allow for 

paracellular transport and/or cellular internalization via transcellular transport.  

 

F igure 8| Active transport processes. a Etanercept transport studies performed at 4
o
C 

and 37
o
C show significantly higher transport at the physiological temperature. The 

transport is retarded at the lower temperature. These results indicate that the enhanced 

transport is due to active transport instead of passive mechanisms. b Dynasore was used 

to inhibit dynamin-mediated endocytosis and shows no significant effect on the transport 

of etanercept across the epithelial monolayer. c Similarly, genistein was used to inhibit 

caveolae-mediated endocytosis and also does not affect the transport of etanercept. 

To further examine this active transport mechanism, different signaling molecules were 

investigated through gene expression studies. From Figure 5, it is apparent that the P(1.5) 
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nanostructured surface has a dramatic effect on overall transcription levels. For example, 

myosin light chain kinase (MLCK), an important regulator of paracellular permeability, 

increased by 5.6-fold in cells that contacted P(1.5) compared to the controls. MLCK is a 

protein kinase associated with tight junctions through the contraction of the cortical actin 

cytoskeleton and has been previously reported to enhance paracellular permeability 
19,20

.  

These results suggest that the nanotopography increases paracellular transport by 

inducing mechanotransduction pathways. Additionally, focal adhesion kinase  (FAK) 

transcript expression was examined to measure the formation of focal adhesions as an 

indication of the level of signaling through integrin binding and clustering.  The FAK 

mRNA expression was increased over 16-fold in cells that contacted the P(1.5) 

nanostructured surfaces. 
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F igure 9| Quantitative PC R Studies. The gene expression levels of tight junction 

proteins zonula occludin-1 (ZO-1) and occludin (ocln) are displayed in a and b. The gene 

expression levels of the signaling molecules, Myosin light chain kinase (MLCK) and 

focal adhesion kinase (FAK) are also displayed in c and d. Data is normalized by 

expression levels of each gene by the controls (cells alone) and presented as an average 

+/- standard deviation. *p < 0.05, **p < 0.005, ***p < .002, and ****P < 0.001,  n = 3.   

 

 Furthermore, we investigated the influence of the nanotopography on the 

expression of two major protein components of tight junctions by qPCR: zonula 

occludin-1 (ZO-1) and occludin (ocln). P(flat) controls and P(1.5) nanostructured 

surfaces were placed in contact with the cells for 2 hours. The tight junction scaffolding 

protein, ZO-1, exhibited a 3.5-fold decrease in gene expression in cells that contacted 

P(1.5) in comparison to the cells that only contacted the P(flat) controls. Ocln expression 
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increased by over 3-fold when cells contacted P(1.5) versus the P(flat) controls (Figure 

5).  

 We further examined whether the nanotopography actively remodels tight 

junctions to enable paracellular transport by performing immunofluorescence staining of 

the tight junction protein, ZO-1. The nanostructured surfaces were placed in contact with 

the cells following the same procedures used in the drug transport experiments. As shown 

in Figure 8, the cell monolayer that had been in contact with the nanostructured P(1.5) 

surface for 2 hours exhibited remarkable ZO-1 membrane ruffling in comparison to the 

control which displays an intact cobblestone morphology. After 2 hours, the 

nanostructured surfaces were removed, and the monolayers were incubated at 37
o
C for 24 

hours.  Within the 24 hours, the ruffled morphology reverted back to the intact tight 

junction configuration and the TER values recovered which indicates the reversibility of 

the tight junction remodeling. 
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F igure 10| T ight junction morphological changes. Immunofluorescence staining of the 

tight junction protein, zonula occluden (ZO-1), was performed. a Staining of the 

untreated caco-2 monolayer shows a normal cobblestone morphology. b It is apparent 

that the P(1.5) nanostructured surface induces a dramatic ruffled morphology after 2 

hours (see arrows), indicating  tight junction remodeling and a loosening of the epithelial 

barrier to allow for paracellular transport. c After P(1.5) was removed from the 

monolayer and incubated for 24 hours, the ZO-1 morphology reverts back to the normal 

cobblestone architecture, indicating a reversible rearrangement. d TER measurements 

before and after the nanostructured surface is placed in contact with the cells. TER 

measurements decreased in the presence of the surface, but eventually increased after 24 

hours which demonstrates the reversible and non-deleterious effects of the nanostructures 

on the cells. Scale bars for the three top images and three bottom images are 10 !m and 

20 !m, respectively. 

 

 It is clear that paracellular transport is at play, however, we also investigated if the 

transcellular route contributed to the enhanced transport. Two small molecule 

endocytosis inhibitors were selected to block transcellular transport. Dynasore, a small 

molecule inhibitor that blocks the GTPase activity of dynamin, was used to block 
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dynamin-mediated endocytosis, while genistein was used as a blocker for caveolae 

endocytosis 
15, 21

. The results in Figure 9 show that the inhibitors did not significantly 

decrease the etanercept transport across the epithelial barrier. Therefore, the transcellular 

transport pathways related to dynamin and caveolae endocytosis do not significantly 

contribute to the increased etanercept transport in the presence of the nanotopographical 

cues. 

2.4 DISC USSI O N 

 By screening different nanostructured surfaces, we discovered that high molecular 

weight drug transport is correlated to two parameters: surface roughness and nanofeature 

aspect ratio. Nanotopography with a surface roughness between 47-145 nm and 

nanofeature aspect ratios between 0.5-1.5 induced significantly higher drug transport. It is 

well established that surface roughness on the nanoscale influences the interface between 

nanomaterials and different epithelial cell types such as keratinocytes and mammary 

epithelial cells
16!18

. For example, studies have demonstrated that surface roughness on the 

nanoscale alters cytoskeletal rearrangements and cellular focal adhesions as observed 

through morphological changes 
16-18

. These cytoskeletal components, such as F-actin, are 

tethered directly to  tight junction proteins (zonula occludens, claudins, occludin, and 

junctional adhesion molecules), which are the elements responsible for epithelial barrier 

function
 22-25

. Therefore, the surface roughness on the nanoscale may influence junction 

restructuring through physical cues mediated by integrin-ligand engagement and 

cytoskeletal rearrangements. These mechanotransduction cues may be stronger when the 

surface roughness is less than 145 nm as we observed. Lower surface roughness promotes 

higher interfacial area for contact points between the nanostructured surfaces and the 
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cells. This concept was suggested by our gene expression results. For example, the cells 

in contact with P(1.5) exhibited significantly higher transcript levels of FAK which 

supports the theory that the cells interact with the lower surface roughness via integrins. 

In contrast, the P(20) film with its high surface roughness close to 1 !m, provides a 

weaker physical interaction with the cells to influence tight junction rearrangement 

(Figure 6).  

With regards to the nanofeature aspect ratio, previous work has demonstrated that 

silicon nanowires with aspect ratios greater than 16 (length = 3 µm, diameter = 60 nm) 

tend to collapse over on themselves and mat together, reducing the overall available 

surface area for cytoadhesion
 14

.
 
This theory may be implicated for the high aspect ratio 

P(20) which induced the lowest drug transport. The P(20) higher aspect ratio 

nanostructures are more compliant and have a lower critical buckling load, which reduces 

the ability to impart the necessary mechanical stimulus on the cells to remodel  the tight 

junctions. Studies have shown throughout the literature that mechanical stimuli applied to 

cells via nanotopographical cues invoke numerous cytoskeletal rearrangements through 

force-induced mechanotransduction pathways 
12, 13, 19, 22

. Therefore, the aspect ratio of the 

nanofeatures may be another critical parameter to influence the degree of mechanical 

stimuli on the cells, which ultimately affects the drug transport across the epithelium. 

  Additionally, our transport studies at 37
o
C and 4

o
C indicate that the 

nanotopography alters the cellular processes related to active transport. At 4
o
C, the 

nanostructures do not enhance protein transport, while at 37
o
C, the transport is 

significantly higher. These results implicate an active transport mechanism which occurs 

at the physiological temperature. Therefore, the drug transport enhancement is not due to 
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a passive, mechanical puncturing of the epithelial barrier. To investigate these active 

processes, we tested whether the protein was transported across the epithelial barrier via 

the transcellular or the paracellular pathways.  

  To do this, inhibitor studies were performed to block endocytosis, and thereby 

transcellular transport as well. Figure 9 shows that the protein concentration on the basal 

side is not significantly different with or without the endocytosis inhibitors. This suggests 

that the nanostructures do not induce transcellular transport related to dynamin or 

caveolae mediated endocytosis Instead, the dramatic ruffled morphology of ZO-1 

indicates that the tight junction proteins are disrupted and that the paracellular pathway is 

mainly responsible for the enhanced drug transport. The ZO-1 ruffles appear to be on a 

length scale that is commensurate to the spacing between the nanopillars of the P(1.5) 

surface. We hypothesize that the relatively compliant cell membrane snakes around the 

stiff nanopillars, resulting in the ruffled pattern. Studies by Teo et. al and others 

demonstrated that topography can alter cellular morphology. Although their setup was 

different from ours in that they grew cells directly onto the nanostructured surface, they 

also demonstrated that nanotopography induced membrane ruffling that was coordinated 

by the actin cytoskeleton
26

. In the present study, we hypothesize that the membrane 

curvature induced by the nanopillars may contribute to the loosening of the tight junction 

barrier through mechanotransduction pathways.  

  This restructuring of the tight junctions to allow for paracellular drug transport is 

further supported by the gene expression results. There is a significant decrease in ZO-1 

mRNA expression levels compared to the controls as shown in Figure 10. Many studies 

in the literature have reported that a correlation exists between a decrease in ZO-1 protein 
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expression and enhanced paracellular permeability. For example, Tian et. al demonstrated 

that stimulation of HK-2 cells with TGF-[ resulted in a decrease in ZO-1 protein 

expression, indicating tight junction disassembly and a subsequent increase in 

paracellular permeability
27

. Similarly, hepatic growth factor (HGF) stimulated RPE 

monolayers were observed to lose barrier function resulting from a decrease in ZO-1 

protein expression in the presence of HGF 
28

.  Therefore, a decrease in ZO-1 gene 

expression is consistent with tight junction disassembly and enhanced paracellular 

permeability.     

  We also observed an increase in the expression of occludin (ocln) due to the 

nanostructured surface. Ocln is a transmembrane component of tight junctions that 

regulates paracellular permeability. Consistent with our results, Wang et. al also observed 

an increase in protein expression of ocln and enhanced paracellular permeability when 

BMECs were treated with VEGF 
29

. Our results suggest that the nanostructures are 

influencing mechanotransduction pathways to actively remodel the tight junctions and 

facilitate the paracellular transport of etanercept. Furthermore, this phenomenon appears 

to be a reversible process as indicated by the TEER values returning to their original 

values when the nanostructured surfaces are removed after 24 hours. Therefore, the tight 

junctions are recovering and the nanostructured surfaces do not illicit cytotoxic effects. 

We have concluded that the nanostructures dramatically affect the paracellular pathway 

by affecting the tight junction proteins.  
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C O N C L USI O N 

 Our work is the first to demonstrate an enhancement in high molecular weight 

biologics delivery using nanotopographical cues. We significantly improved the transport 

of biologics by leveraging the natural biology of  cellular processes related to tight 

junction rearrangements to allow for paracellular transport. By highlighting this enabling 

strategy of nanostructure-mediated transport, new light will be shed on the field to 

improve the efficacy and delivery of high potential biologics.  
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C H APT E R 3: 
Nanostructured Microneedles as a Transdermal Drug 

Delivery Device  

 

3.1 B A C K G R O UND 

 The field of microelectronics has enabled the fabrication of nano-scaled 

geometries for devices in the biomedical industry. One such application of these 

fabrication techniques is in the production of microneedles for transdermal drug delivery, 

whereby the drug is delivered into or through the skin for topical or systemic delivery, 

respectively. The main advantage of microneedles over traditional hypodermic needle 

injections is that they are relatively short and thin, only penetrating the outer 10-20 µm of 

the skin. Therefore, they do not reach the underlying dermis and are painless for the 

patient.  

 Microneedles are fabricated with a wide range of materials and are typically 

fabricated as an array of up to hundreds of microneedles over a substrate. The first 

microneedles were produced from silicon wafers by photolithography followed by deep 

reactive ion etching
25

. Other production methods have recently been developed for 

creating less expensive and biocompatible materials such as metal, polymer, and sugar-

based microneedles. Metal microneedles are mainly produced through laser cutting from 

sheet metal and bending them perpendicularly out-of-plane. Polymeric microneedles can 

be biocompatible and because of their viscoelastic properties, they are less prone to 

breakage once in the skin. Drugs can also be incorporated into biodegradable polymeric 

microneedles for controlled delivery.  
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 Microneedles have proven effective throughout the literature. For example, 

Mikszta et al. and McAllister et al. reported that the permeability of mouse and rat skin 

was enhanced by orders of magnitude for low molecular weight compounds up to high 

molecular weight protein therapeutics
27,28

. Other studies have reported controlled 

microneedle coating processes, termed "dip-coating." In one study, a uniform coat of 

calcein, vitaminB, bovine serum albumin or plasmid DNA was localized just to the 

microneedle shafts and dissolved within 20 seconds in porcine cadaver skin
76

. 

Microfabrication has enabled the systemic design of microneedle arrays in order to 

overcome the barrier of stratified epithelium.  Herein, we report both in vitro and in vivo 

transport results from conformally wrapping nanostructured polymer thin films around 

microneedles. Upon insertion of the nanostructured microneedles into stratified 

epithelium, a significant increase in drug transport is observed systemically.  

3.2 M A T E RI A LS & M E T H O DS 

In Vivo Studies 

The nanostructured surfaces were integrated into a 25 mm by 25 mm transdermal 

microneedle patch for in vivo drug delivery studies in a rabbit model.  Eleven New 

Zealand White rabbits weighing approximately 4 kg were used, all in healthy condition. 

Each animal was closely clipped to remove the fur in the left flank region approximating 

an 8cm x 8cm area. The study consisted of 3 groups: (1) the subcutaneous injection group 

receiving 2.5 mg/animal (n=2),  (2) the P(0.5, 1.4, 3.4) wrapped microneedles group 

receiving 1.875 mg/animal (n=5), and  (3) the unstructured microneedles group receiving 

1.875 mg/animal (n=4). The microneedle patches had the nanostructure film conformally 
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molded over the microneedles using vacuum suction and heat as shown in Figure 11. The 

in vivo test facility used for this animal study is registered with the United States 

Department of Agriculture to conduct research in laboratory animals and is AAALAC 

accredited. The study was rev4-,-3($%3($::.AN-3(XT(26-(?$/4142T7&(\%&242024A%$1(*%4;$1(

Care and Use Committee (IACUC). 

Blood samples were drawn into serum separator tubes from an ear vein for 

measurement of serum etanercept concentration prior to dosing or patch application as a 

baseline reading. Serum samples were periodically taken at 30 minutes, 2, 6, 24, 48 and 

72 hours. All animals were euthanized following collection of the last blood sample. 

Blood samples were kept on ice for 30 minutes for separation prior to centrifugation in a 

refrigerated centrifuge. Serum was aspirated, transferred to clean tubes and immediately 

@.AU-%($%3(&2A.-3(4%(26-(3$.]($2(^-70
o
C until analysis. Etanercept was assayed in 

duplicate samples from each serum collection using Human sTNF-receptor ELISA kit 

(R&D Systems, Minneapolis, MN cat# DRT200) which has a minimum detectable dose 

of 0.6 pg/mL. 

Statistical analysis 

Data are reported as mean values +/- standard deviation and +/- standard error in Figure 

12. Multiple comparisons were analyzed with a one-way ANOVA test followed by the 

Holm t-test. P-values of less than 0.05 were considered statistically significant 
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F igure 11| The silicon microneedle array is used to physically disrupt the dead 

corneocytes of the stratum corneum barrier. The 5 µm thick nanostructured thin film is 

sealed onto the microneedle array using vacuum suction and heat. The microneedles are 

180 mm long and 120 mm in diameter, small enough to not interact with nerve endings. 

At the base of each microneedle, there are two holes where the drug enters from the 

above payload.   

 

3.3 R ESU L TS & DISC USSI O N 

  The in vitro results demonstrated that the nanostructured surfaces  initiate active 

cellular processes to enable the transport of high molecular weight biologics across an 
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epithelial monolayer by loosening the tight junction proteins in the paracellular space.  

This continuous route of transport lends itself to drug delivery applications where the 

biologic must transport across stratified epithelial tissues such as the skin
55,77

. To this 

end, a nanostructured surface was integrated into a microneedle transdermal patch for 

epidermal in vivo studies in a rabbit model. The microneedles provide a minimally 

invasive device that enables placement of the nanostructured surfaces in contact with 

viable epithelial cells by bypassing the dead corneocytes of the stratum corneum. The 

microneedle devices were constructed by draping a 5 µm thick nanostructured film over 

the microneedles and then using a combination of heat and vacuum to mold the film to 

the microneedle surfaces. Holes in the film at the microneedle tip allow drug transfer 

from the device reservoir to the nanostructure-cell interface (See Figure 11).  

The nanostructured microneedle patches measured 25 mm by 25 mm with a 

density of 784 microneedles/cm
2
, and were placed in intimate contact with the flank 

region of New Zealand White rabbits. Each needle was 300 microns tall and 100 microns 

in diameter and had side channels for transporting the drug from the reservoir to the 

nanostructure-cell interface through capillary forces. The study consisted of 3 groups: a 

subcutaneous injection group receiving 2.5 mg/animal (n=2), (2) the P(0.5, 1.4, 3.4) 

wrapped microneedles group receiving 1.875 mg/animal (n=5) and  (3) the unstructured 

microneedles group receiving 1.875 mg/animal (n=4).  At different time points over the 

48 hour study, blood serum samples were collected and an ELISA assay was used to 

measure the etanercept concentration for the pharmacokinetic (PK) curves. At the end of 

the 48 hour study, the organ distribution of etanercept in the animals was also measured. 
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The in vivo results are presented in Figure 12. The pharmacokinetic curves show 

that the nanostructured microneedles significantly increased the absorption of etanercept 

versus the unstructured microneedles. There is a 90% increase in the maximum 

concentration (Cmax) due to the nanostructured topography. Additionally, the 

bioavailability of the nanostructured microneedles is approximately 35 times greater than 

the unstructured microneedles. The bioavailability was calculated using Equation (1), 

where !" denotes microneedle, #$%& denotes subcutaneous injection, and '() denotes 

the area under the PK curve, 

*+,-.-+/-%+/+01 2
34567

34589:;
<

=>?@89:;

=>?@67
      (1) 

Furthermore, the organ distribution of etanercept was measured at 72 hours and 

the results are given in Figure 12b. In the animals treated with the nanostructured-

microneedle patches, the etanercept concentrations were undetectable by the ELISA 

assay (<0.6 pg/mL) in the lymph node, liver, pancreas, spleen, and lung, and were only 

present in the kidney and bone marrow. In contrast, etanercept was detected in all the 

organs listed above for the animals treated with the subcutaneous injection, and it reached 

all the organs except the pancreas and the lung for the animals treated with the 

unstructured microneedles. Both the PK curves and organ distributions suggest that the 

nanostructured microneedles increase drug uptake by the bloodstream and minimize 

absorption by the lymphatic system. This is a significant change in the accepted 

perception that biologics with molecular weights larger than approximately 17.5 kDa are 

absorbed primarily through the lymphatic system
78,79

. The observed change in the 
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transport phenomena is believed to result from the enhanced active transport mechanism 

as seen in the in vitro experiments with epithelial monolayers.  

It is still not well understood how the nanostructure interactions permeate through 

epithelial tissue, however, it is well known that cells do transmit signals across cells
80

. 

Studies have shown that a mechanical perturbation of a cell results in a wave of 

intracellular calcium ions (Ca
2+

) that propagates from cell to cell through gap junctions 

up to 10-20 cells away from the local stimulus
81

. This Ca
2+

 wave triggered from the 

mechanical stimulus of the nanostructured surfaces may serve to coordinate a 

multicellular response. Numerous studies in the literature have reported that an increase 

in intracellular Ca
2+

 in epithelial cells results in a decrease in transepithelial electrical 

resistance, corresponding to a loosening in tight junction barrier function which could 

change tight junction morphology as we observed
80,82 
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F igure 12| In vivo transdermal study. A schematic of the microneedle patch used for 

the transdermal in vivo studies is presented in a. The organ distribution of etanercept in 

the different organs of the rabbit is displayed in b and shows that absorption occurs 

primarily through the blood stream with minimal lymphatic uptake for the nanostructured 

microneedle patch. In contrast, the unstructured microneedles and subcutaneous injection 

led to significant lymphatic absorption. The bioavailability of the nanostructured devices 

was 35 times greater than that of the unstructured devices as shown in c. The serum 

concentration of etanercept (mean + SE) in the rabbits following the application of 

etanercept-loaded nanostructured microneedle patches and unstructured microneedle 

patches is shown in d.   

The in vitro and in vivo results presented are the first demonstration of enhanced 

drug transport of high molecular weight biologics using nanotopographical cues. This 

novel strategy was proven in two different epithelial systems: the gastrointestinal system 

as modeled by Caco-2 cells and the stratified epithelium in skin as modeled by the in vivo 
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animal studies. The observed reduction in lymphatic uptake is a remarkable result 

because it suggests increased bioavailability and drug targeting for many poorly 

absorbable drugs. Additionally, the ability to increase permeability in tightly connected 

tissue could be used to increase drug penetration in tumors.   We believe that by 

highlighting this enabling strategy of nanostructure-mediated transport, new light will be 

shed on the field of drug delivery by leveraging the natural biology of cells to improve 

drug efficacy and delivery of high potential biologics.   
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Chapter 4: 

Nanostructured Surfaces as an Anti-Fibrotic Environment 

  

 Influencing cellular responses to biomaterials is crucial in the field of tissue 

engineering and regenerative medicine. Since cells are surrounded by extracellular 

matrix features that are on the nanoscale, identifying nanostructures for imparting 

desi rable cellular function could greatly impact the field.  Due to the r ise in micro 

and nanofabrication techniques borrowed from the advances in the microelectronics 

industry, previously unattainable nanostructured surfaces on a variety of 

biomaterials can be generated. W e investigated how nanostructured surfaces with 

varying nanofeature aspect ratios can influence the fibrotic response. The 

nanostructured surfaces with aspect ratio features greater than 5 induced less 

protein adsorption which led to rounded fibroblast morphologies. These 

nanofeatures also induced significantly lower gene expression of collagen 1"2, 

collagen 3"1, and growth factors related to fibroblast proliferation. The results 

demonstrate that well controlled nanostuctured surfaces could be used as an anti-

fibrotic environment for various medical applications such as implant or biosensor 

coatings. 

  

4.1 B A C K G R O UND 

 Implant-induced fibrosis has generated much attention in the medical community 

and in the field of tissue engineering. Almost all soft tissue implants undergo fibrotic 

encapsulation and the eventual  loss of functional tissue surrounding the implant. The 



&+"

"

fibroblast is a specific cell that synthesizes and deposits extracellular matrix. The 

overproliferation of fibroblasts and the overproduction of extracellular matrix proteins 

has been implicated in fibrosis. Although much progress has been made in the 

biomaterials field, it is well known that implant fibrosis and encapsulation can often 

contribute to medical device failures. For example, fibrosis contributes to breast implant 

contracture as well as biosensor inactivation
83!85

. Fibrosis has also been implicated in 

post-surgical adhesions, contributing to the failure of gastrointestinal, gynecological and 

sinus surgeries
86

.  

 To decrease fibrotic encapsulation around implants, new biomaterials need to be 

developed that foster an anti-fibrotic environment. There has been considerable work in 

the literature on chemistry-based approaches to decreasing fibrosis. For example, Risbud 

et. al and others reported how biocompatible hydrogels composed of chitosan-

pyrrolidone arrest capsular fibroblast growth
87

. Other materials such as alginate, 

hyaluronic acid, and derivatives of chitin have been shown to mimic fetal wound healing 

by selectively inhibiting fibroblast growth
88,89

. Recently however, it has been established 

that cells are capable of responding to environmental topographical cues. The 

extracellular matrix is composed of complex architectural features at the nanoscale, 

including pores, fibers ridges, and protein band periodicities of approximately 60 nm
45

. 

Microscale features, being on the same order of magnitude as the cells themselves, can 

influence cellular behavior by obstacle confinement with a relatively low resolution of 

control. However, nanoscale features being much smaller than the cell, have the ability to 

influence cells through more subtle cues. For example, recent biomimetic studies have 

shown that extracellular matrix topography influences cellular behaviors such as 
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morphology, proliferation, and differentiation
90!92

. Therefore, nanotopography offers the 

opportunity to perturb a wide range of cellular responses compared to microtopography. 

A better understanding of the cell-material interface on the nanoscale enables the 

exploration of a spectrum of interactions that are crucial to designing advanced medical 

devices and implants. 

 To investigate how architecture influences cellular behavior, nanostructures must 

be fabricated with a high level of repeatability and precision.  Current advancements in 

nano- and microtechnology offer new possibilities of probing cell-material interactions to 

better understand biological function
93,94

.  Ranging from microcontact printing to 

photolithography, there are numerous techniques for controlling the topographical 

features in a systematic way. One such fabrication technique to achieve nanofeatures is 

through nanoimprint lithography (NIL). This technique is a stamping process capable of 

generating nanometer scale patterns as small as 10 to 25 nm
3,95

. In contrast to 

conventional photolithography, nanofeatures are generated by the direct mechanical 

deformation of a thermoplastic material using a mold with nanofeatures. The molds are 

fabricated using electron-beam lithography to overcome the diffraction limit of light and 

to produce features on the nanoscale. Here, we utilize NIL to generate various 

nanostructured surfaces as a platform to examine how nanostructural cues influence 

fibroblast behavior. Specifically, we hypothesized that certain nanostructured 

topographies influence protein adsorption leading to less fibroblast spreading, potentially 

providing a way to decrease fibrosis for implant coating applications. 

4.2 M A T E RI A LS & M E T H O DS 

Fabrication of Nanostructured F ilms  
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Molds for NIL were generated using  the JEOL JBX-9300FS EBL System followed by 

selective reactive ion etching. The molds were stamped into FDA-approved 

polypropylene (Premier Lab Supply Inc., 25.4 mm) and polystyrene thin films (Plastic 

Suppliers Inc ., 50.8 mm). The polymer thin films were placed in contact with the 

nanostructured molds and exposed to a temperature of 170
o
C  and a pressure above the 

elastic modulus of the polymer films using an Obducat 6-inch nanoimprint lithography 

system. Afterwards, the mold was removed, resulting in well-defined nanofeatures. 

Culture of cells on topographic nanostructured surfaces 

 NIH 3T3 mouse fibroblasts were cultured in DMEM high glucose supplemented 

with 10% fetal bovine serum and 1% penicillyn/streptomyocin. The cultures were 

incubated in an atmosphere containing 5% CO2 and 90% relative humidity at 37
o
C. The 

cells were subcultured at 90% confluency by trypsinization with 0.25% trypsin-EDTA. 

Cells from passage numbers between 160 and 170 were used for the experiments. 

Protein adsorption to nanostructured surfaces 

Nanostructured thin films were cut into circular shapes with a 3 mm diameter biopsy 

punch and glued in place onto a the bottom of a 24 well plate. After the glue dried, the 

thin films were thoroughly cleaned with 70% ethanol, followed by DI water overnight, 

and dried with compressed air.  Solutions of FITC-IgG, FITC-BSA, and fibrinogen-Alexa 

Fluor 568 (all in 0.1 mg/mL) were incubated on the nanostructured surface for 2 hours. 

The thin films were rinsed with DI water and sonicated for 10 minutes. Finally, they were 

mounted for visualization with spinning disk confocal microscopy. 

Contact angle measurements 
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Water contact angle measurements were performed with a goniometer to measure the 

wettability of the nanostructured surfaces. The nanostructured surfaces were thoroughly 

cleaned in a  99% isopropyl alcohol (IPA) bath and then fully dried. A  single drop of DI 

water was placed on each nanostructured surface. The contact angle of the water droplet 

was measured by fitting a mathematical expression to the shape of the drop and then 

calculating the slope of the tangent to the drop at the liquid-solid-vapor (LSV) interface 

line. 

Immunofluorescence staining of F-actin and Cell A rea Quantification 

Cells were fixed in 3.7% paraformaldehyde for 15 minutes and permeabilized with Triton 

X (0.1%) for 20 minutes. The F-Actin was stained with Phalloidin conjugated to Alexa 

Fluor 568 and diluted 1:40 in PBS for 30 minutes at 25
o
C. The nucleus was stained with 

Hoechst at a dilution of 1:2000 for 30 minutes. Samples were thoroughly washed 3 times 

with PBS and mounted on a glass cover slip with Vecta Shield before inspection with 

spinning disk confocal microscopy. Cells were detected through automated detection of 

the cell outline after thresholding the intensities. The image analysis software was 

downloaded from the National Institute of Health (USA) (Image J, 

http://rsb.info.nih.gov/ij/).  

Cyquant Proliferation Assay 

6 mm bioposy punches were used to cut the nanostructured thin films into a circular 

shape. The thin films were then glued to the bottom of the wells of 96-well plates. The 

films were sterilized with 70% Ethanol overnight and air-dried in the sterile cell culture 

hood. Fibroblasts were seeded at a density of 2000 cells per well and cultured over a 4 
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day time period. At different time points, the media was aspirated and the plate was 

frozen at -80
o
C overnight. A cell pellet of known cell number was used for a standard for 

quantifying cell number. The green-fluorescent Cyquant dye was used to detect the 

number of cells for each time point. The signal was read on a fluorometer a 495 nm. 

Scanning electron microscopy 

Fibroblasts were seeded onto the nanostructured thin films, and on day 2, they were fixed 

with 3% glutaraldehyde in 0.1 M sodium cocadylate (pH 7.4), containing 0.1M sucrose. 

After 45 minutes of incubation, the cells were rinsed with cacodylate-sucrose buffer for 

10 minutes. Next, the samples were dehydrated by gently adding solutions of ethanol in a 

graded series of concentrations (35%, 50%, 75%, 95%, 100%, 100%) for 10 minutes 

each. The last step was to replace the 100% ethanol solution with HMDS, and then air 

dried in the fume hood for 30 minutes. The samples were then sputter coated with 200 

Angstroms of gold-palladium.  

qPR C Methods 

3T3 cells were seeded at a density of 5000 cells/cm
2
 in a 96-well tissue culture plate. The 

following films were placed in contact with the cells for 72 hours at 37°C: S(0.5, 1.4, 

3.4), P(120), or P(flat).  Cell lysis, reverse transcription, and qPCR (Applied Biosystems, 

StepONEPlus) were performed using the Fast SYBR Green cells to CT kit in accordance 

,426(26-(;$%0@$/20.-.7&(instructions.  The experiment was carried out in triplicate (n=3) 

and the evaluation of mRNA expression by qPCR was also run in triplicate.  The 

expression of GAPDH, collagen type 1 alpha 2, collagen type 3 alpha 1, connective tissue 

growth factor (CTGF), epidermal growth factor (EGF), integrin linked kinase, and TGF 
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beta 1 were analyzed.  The follow4%V(:.4;-.(:$4.&(,-.-(0&-3_(H*IJK(@A.,$.3(L7-  -G7'(

H*IJK(.-N-.&-(L7-  -G7B((C6-(.-$1(24;-(IM`(.-&012&(,-.-($%$1TU-3(0&4%V(26-(WWM2(

method and normalized to GAPDH transcript levels. 

Statistical Analysis 

Data are reported as mean values +/- standard deviation.  Multiple comparisons were 

analyzed with a one-way ANOVA test followed by the Holm t-test. P-values of less than 

0.05 were considered statistically significant. 

4.3 R ESU L TS  

Nanoimprint lithography was utilized to generate 4 different unique nanostructured 

topographies as shown in Figure 1. The different substrates consisted of: a polypropylene 

film with high aspect ratio nanopillars (H = 16 um, D = 800 nm, AR = 20, surface 

roughness = 850 nm);  a polystyrene film with nanopillars (H = 1µm, D = 200 nm, AR = 

5, surface roughness = 73 nm); a polystyrene film with a patch-work pattern of 

nanostructures (H = 175 nm, D = 200 nm, AR = 0.88, surface roughness = 50 nm ); and 

finally, a polystyrene film with 3 different nanopillars combined in a fractal pattern with 

the largest pillar diameter of 1µm having an average height of 520 nm, the medium pillar 

diameter of 400 nm having an average height of  560 nm, and the smallest pillar diameter 

of 200 nm having an average height of 680 nm. The AR ratios for the three structures 

were 0.5, 1.4, and 3.4, and the average surface roughness was 145 nm.  All films will be 

referred to as either P or S for polypropylene or polystyrene respectively, followed by the 

%$%A&2.0/20.-($&:-/2(.$24A(4%(:$.-%26-&-&(E-BVB(YIE<=+Z(-%/A3-&(for the polypropylene film 

with a nanostructure aspect ratio of 20). 
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F igure 13| Scanning electron microscopy images of the nanostructured surfaces that were 

fabricated with nanoimprint lithography. a) and b) are made from polypropylene thin 

films as indicated by the "P," while c) and d) are fabricated from polystyrene thin films, 

as indicated by the "S." The numbers in parentheses represent the average aspect ratios of 

the nanofeatures. 

 Characterization of the various surface energies was performed through static water 

contact angle measurements. Figure 14 shows the contact angles in degrees for each 

nanostructured substrate. P(20) resulted in a higher contact angle than that of the P(flat) 

control. Similarly, the polystyrene nanostructured S(5), S(0.5, 1.4, 3.4), and S(0.88) 

resulted in higher contact angles than the S(flat) control. These results indicate that 

regardless of material chemistry, the nanotopography increases the contact angles and 

therefore hydrophobicity of the thin films. 
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 Protein adsorption to surfaces is a complex process, which is driven by different 

protein-surface forces such as Van der Waals, hydrophobic/hydrophilic, and electrostatic 

interactions. Among these different parameters, the increased hydrophobicity of the 

nanostructured surfaces will strongly influence the amount of protein adsorption. To test 

this hypothesis, we incubated the nanostructured substrates in different protein solutions 

(FITC-BSA, FITC-IgG, and Alexa Fluor 568-Fibrinogen) and imaged them with confocal 

microscopy as shown in Figure 15. The nanotopography dramatically affects the way 

proteins adsorb to the different surfaces. For example, the higher aspect ratio features 

(S(5) and P(20)) seem to adsorb FITC-BSA, FITC-IgG, and fibrinogen to the tips of the 

nanopillars. In contrast, FITC-BSA and FITC-IgG  adsorb to the tops of the micron-sized 

feature as well as the nanopillar tips of the hierarchical S(0.5, 1.4, 3.4) nanostructured 

thin film. However, fibrinogen appears to adsorb non-preferentially on the S(0.5, 1.4, 2.4) 

F igure 14| Contact angle measurements reveal that the nanotopography leads to higher 

contact angles (degrees) than the respective flat, unimprinted films of the same material 

chemistry. 
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surface. Furthermore, the heterogeneously patterned S(0.88) surface induced preferential 

protein adsorption in a quilt-like pattern for all three proteins.  

 The different protein adsorption patterns that we observed may strongly influence the 

growth of fibroblasts.  Fibroblasts were cultured on the nanostructured substrates for 4 

days and measured with the Cyquant cell proliferation assay at different time points to 

generate a cell proliferation curve. Figure 16 shows that fibroblasts grown on P(20) and 

S(5), the substrates with the highest aspect ratio features, seem to grow at the slowest 

rate. Additionally, observation of f-actin in the immunofluorescence staining showed 

different cell morphologies on the nanostructured surfaces compared to flat controls. As 

presented in Figure 5, the fibroblasts were well spread with many stress fibers on the 

F igure 15| Protein adsorption onto the various nanostructured surfaces reveals that the 

underlying nanotopography greatly impacts the patterning of protein adsorption. It 

appears that the nanostructures with higher aspect ratios (P(20), S(5)) induce protein 

adsorption that is localized to the tips of the nanopillars. These higher aspect ratios repel 

proteins due to entropic repulsion and steric hindrance effects.Scale bar is 20 !m. 
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control flat substrates. However, the fibroblasts grown on P(20) and S(5) substrates, were 

less spread with fewer stress fibers. Quantitative analysis of cell morphology confirmed 

what was observed qualitatively. As the aspect ratio and surface roughness increases, the 

cellular area decreases. 

 

  

 

SEM was employed to directly image the interactions of the filopodia projections with 

the nanofeatures. It is apparent that the shape of the nanostructure strongly influences the 

cell morphologies as shown in Figure 6. For example, fibroblasts seem to form adhesions 

F igure 16| 3T3 fibroblasts were grown on the nanostructured thin films and stained 

with phalloidin that binds F-actin in red and with DAPI in blue. The two films with 

the higher aspect ratios (P(20), and S(5)) induce a rounded fibroblast morphology. 

The films that have lower aspect ratios have similar spread-out morphologies to the 

unimprinted control surfaces. 
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to the tips of the nanofeatures in the S(0.5, 1.4, 3.4) substrate. Fibroblasts growing on the 

S(0.88) substrates appear to preferentially grow on certain nano-patterned features. The 

fibroblast in Figure 5 exhibits star-like filopodial projections that adhere to the nano-

patterned square. Interestingly, these projections appear to terminate on the nanostructure 

patches that induced more concentrated protein adsorption. In contrast, fibroblasts appear 

to take on a rounded morphology on P(20) and S(5). The cells are "pinned" on top of the 

nanopillars and are unable to spread out as they do on the flat control surfaces. 

 

 We also investigated whether nanotopographical cues could cause alterations in the 

production of different markers involved in scar formation. Gene expression studies were 

performed to measure the transcription level of collagen 1"2 (COL1"2), collagen 3"1 

F igure 17| Scanning electron microscopy images of fibroblasts interacting directly with 

the nanostructures. Similar to Figure 4, P(20) and S(5) lead to rounded fibroblast 

morphologies, suggesting that these surfaces an induce anti-fibrotic environment. 
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(COL3"1), connective tissue growth factor (CTGF), Integrin linked kinase (ILK), tissue 

growth factor beta 1 (TGF [1), and epidermal growth factor (EGF). Expression of these 6 

genes was measured by qPCR. The results indicate that P(20) fosters a much more anti-

fibrotic environment as shown in Figure 7. For example, both COL1A2 and COL3A1 are 

down regulated compared to the unimprinted and untreated controls. This finding 

translates into decreased collagen production and potentially reduced scarring in vivo. 

Similarly, CTGF, TGF [1 and EGF, growth factors responsible for the proliferative 

behavior of fibroblasts, are significantly down regulated in the presence of the P(20) 

nanostructured surface. In contrast, there were no significant differences in transcription 

levels of these genes when fibroblasts were cultured on S(0.5, 1.4, 3.4). This 

nanostructured surface had a more heterogeneous surface with features having relatively 

low aspect ratios compared to the P(20). These gene expression results suggest that 

nanostructures with higher aspect ratios than 5 reduce fibroblast proliferation and ECM 

production which may ultimately translate into reduced scarring.
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F igure 18| qPCR reveal that the nanostructures with the highest aspect ratio, P(20), lead 

to lower gene expression of collagen 1, alpha 2, collagen 3, alpha 1, connective tissue 

growth factor, integrin linked kinase, TGF beta 1, and epidermal growth factor. However, 

S(0.5, 1.4, 3.4) with relatively lower aspect ratios lead to higher gene expression levels  

than to that of P(20). 

 

4.4 DISC USSI O N 

 The extracellular matrix is a hierarchical environment containing microscale to 

nanoscale features ranging from tens of nanometers in length. Fibroblasts in a wound site 

interact with clusters of severed collagen fibrils in an inhomogeneous pattern, and they 

may perceive this environment as surfaces containing nano and micro grooves, ridges, 

and pillars with variable densities and roughness. Therefore, we attempted to recreate 
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these topographies in order to investigate the effects of nanostructural cues on fibroblast 

behavior.  

 In this study, we demonstrated how nanotopographical cues elicit a dramatic 

effect on cell shape, proliferation, and gene expression, with potential applications for 

decreasing scarring in vivo. We tested 4 different nanostructured surfaces and discovered 

that the ones with the highest aspect ratio features fostered an anti-fibrotic environment. 

This result may be directly related to the surface nanotopography or indirectly related to 

the way the surface topography influences extracellular matrix protein recruitment. The 

longer and thinner nanofeatures may resist protein adsorption due to steric hindrance and 

entropic repulsive forces
96

. Although others have observed differential cellular responses 

to nanotopography, most have focused on cell-surface interactions and have not 

investigated the intermediate effect that nanostructures have on protein adsorption
90,91,97!

99
. Unlike microtopography whereby the cells are mechanically contained between 

features, nanotopography appears to work by influencing how proteins are presented to 

cells. The adsorption of proteins to biomaterial surfaces is a dynamic process whereby 

proteins bind, rearrange, and detach. This process plays a crucial role in determining cell 

growth, proliferation, and the overall incorporation of the biomaterial into the body. 

Depending on the nanofeature shape, the new surface energy may result in a more 

hydrophilic or hydrophobic environment, which can lead to protein resistance or even 

protein denaturation in the extreme case. P(20) and S(5) both have higher contact angles 

compared to the other surfaces. Perhaps this nanostructured superhydrophobic effect may 

cause protein conformational changes, ultimately affecting the cell-materials 
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interactions
100

. Without suitable protein presentation on the surface, cells are less capable 

of adhering
101

.  

 The nanotopographies of the surfaces may contribute to the various fibroblast 

morphologies that were observed in Figure 17.  Interestingly, fibroblasts grown on P(20) 

and S(5) exhibited more rounded morphologies as seen through the immunofluorescence 

and SEM studies. In contrast, cells grown on S(0.5, 1.4, 3.4), S(0.88), and the flat control 

surfaces exhibited more spread-out morphologies as quantified by higher cell area 

measurement. Numerous studies in the literature have described a common trend of 

decreased cellular adhesion and spreading with an increase in nanofeature height
102,103

. 

This phenomenon is thought to be associated with perturbed focal adhesion formation as 

well as an inhibition of protein adsorption. In our studies, we observed differential 

protein adsorption patterns on the various surfaces. The nanostructures that induced 

rounded cellular morphologies also had protein adsorption localized only to the tips of 

the nanopillars. This would suggest that the cellular filopodia could not find suitable sites 

of attachment due to the reduced protein adsorption on the tips. Furthermore, this would 

indicate that the higher aspect ratio nanofeatures restrict integrin adhesion formation to 

the apexes of the nanopillars. 

 The SEM images reveal that nanoscale topographical features influence cellular 

spreading and focal adhesion formation. In Figure 18, it is apparent that the low aspect 

ratio nanofeatures promote more interaction with the cells. For example, S(0.5, 1.4, 3.4) 

has relatively low aspect ratio features, and we observed filopodia projections extending 

to the tips of the nanopillars. Filopodia tips are approximately 100 nm and are the main 

sensory tools for spatial information. Since the S(0.5, 1.4, 3.4) nanostructures have larger 
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diameters that range from 200 nm to 1 um, the fibroblasts were able to form intact focal 

adhesions to this surface
7
. Similarly, S(0.88)  is another nanostructured surface with low 

aspect ratio features. Fibroblasts on this surface were well spread, and each filopodia 

appears to be terminating on a region that has a high protein density. In contrast, it is 

apparent that the fibroblasts on P(20) and S(5) are pinned to the top of the nanopillars and 

unable to spread. Taken together, our observations are consistent with the well-

established fact that anchorage-dependent cells must attach and spread on an underlying 

substrate in order to grow.  

 Since focal adhesions link the cytoskeleton to the ECM through integrin 

clustering, it was hypothesized that the ability of the fibroblast to adhere and spread will 

alter cell signaling and mechanotransduction processes. A potential explanation for the 

observed nanotopographical effects on fibroblast behavior could be the model of 

tensional integrity (tensegrity) developed by Ingber et. al in 1993
70

. In this model, 

integrins act as mechanoreceptors that transmit mechanical signals through the 

tensionally integrated cytoskeleton.  Therefore, those nanostructured surfaces that induce 

fewer and weaker focal adhesions may be associated with lower ECM production and 

gene expression since the reduced tension will lead to lower signal transduction to the 

nucleus
72

. Consistent with this hypothesis, P(20), the nanostructure with the highest 

aspect ratio features, induced lower gene expression levels for  COL1A2, COL3A1, 

CTGF, TGF-b, and EGF compared to the controls. This decreased gene expression is in 

agreement with the significant reduction of cell growth observed on the same surface. 

COL1A2 and COL3A1 are significant components of scar tissue, so a down regulation in 

these genes suggests that this nanostructured surface would encourage an anti-fibrotic 
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environment. 

C O N C L USI O N 

 In summary, we have demonstrated that nanotopography influences fibroblast 

proliferation, gene expression, and cellular morphology compared to flat control surfaces 

of the same material chemistry. The observed effects are most likely due to the altered 

protein adsorption to the nanofeatures. The proposed mechanism is through decreased 

focal adhesion formation. This work has broad applications for medical device implant 

coatings to promote an anti-fibrotic environment for decreased scar formation. 
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