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Abstract

Nanotopography in the cellular microenvironment provides biological cues and therefore has
potential to be a useful tool for directing cellular behavior. Fibrotic encapsulation of implanted
devices and materials can wall off and eventually cause functional failure of the implant. Drug
delivery requires penetrating the epithelium, which encapsulates the body and provides a barrier
to separate the body from its external environment. Both of these challenges could be elegantly
surmounted using nanotopography, which would harness innate cellular responses to topographic
cues to elicit desired cellular behavior. To this end, we fabricated high and low aspect ratio
nanotopographically patterned thin films. Using scanning electron microscopy, real time
polymerase chain reaction, immunofluorescence microscopy, in vitro drug delivery assays,
transmission electron microscopy, inhibitor studies, and rabbit and rat in vivo drug delivery
studies, we investigated cellular response to our nanotopographic thin films. We determined that
high aspect ratio topography altered fibroblast morphology and decreased proliferation, possibly
due to decreased protein adsorption. The fibroblasts also down regulated expression of mMRNA
of key factors associated with fibrosis, such as collagens 1 and 3. Low aspect ratio
nanotopography increased drug delivery in vitro across an intestinal epithelial model monolayer
by increasing paracellular permeability and remodeling the tight junction. This increase in drug
delivery required integrin engagement and MLCK activity, and is consistent with the increased
focal adhesion formation. Tight junction remodeling was also observed in a multilayered
keratinocyte model, showing this mechanism can be generalized to multiple epithelium types.

By facilitating direct contact of nanotopography with the viable epidermis using microneedles to



pierce the stratum corneum, we are able to transdermally deliver a 150 kiloDalton, 19G-based

therapeutic in vivo.
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Introduction

Cellular interaction with biomaterials

Cells are finely tuned to adapt and react to environmental cues — biochemical and physical. It is
well established that cells are capable of responding to nanoscale cues found in their
microenvironment. The extracellular matrix (ECM) is a hierarchical environment containing
microscale to nanoscale features ranging from microns to tens of nanometers in length. The
ECM is composed of complex architectural features at the nanoscale, including pores, fibers,
ridges, and protein band periodicities of ~60 nanometer (nm).> Nanoscale features, being at the
subcellular size scale, have the ability to influence cellular behaviors such as morphology,
proliferation, and differentiation.?~* Therefore, nanotopography -- defined as a sub-micron
textured surface where the surface features have at least one dimension on the nanoscale -- offers
the opportunity to perturb a wide range of cellular responses. 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, but also open the door to a novel

way of directing cellular behavior.

Contact of biomaterials with biological fluid immediately results in the adsorption of proteins
onto the surface of the material. These proteins serve as cellular receptors for interaction and
adhesion.® It is well established that modifying the nanotopography of a surface influences the
adsorption of proteins and other biomolecules.®° Increased surface roughness of poly(methyl
methacrylate) (PMMA) increased hydrophobicity, which increased protein adsorbtion.®
Decreasing the pore size, 45 to 2.2 nm, on silica particles decreased adsorption of bovine serum

albumin.’® Therefore, modification of biomaterial surfaces can be a tool to direct cellular



interaction and adhesion. Indeed, surface alteration has been shown to effect the extent of
cellular adhesion.®-17 Increasing the surface roughness of PMMA increased cellular adhesion
of chick embryo vascular and corneal explant cells, probably due to changes in fibronectin
adsorption.® The amount of protein adsorption paralleled the adherence of human osteoblast-like

cells on titanium surfaces of different roughnesses.*2
Nanotopography and Fibrosis

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 eventual
loss of functional tissue in the vicinity surrounding the implant. The fibroblast is a specific cell
that synthesizes and deposits the extracellular matrix, forming the structural network for soft
tissue. Although it plays a critical role in wound healing, the over-proliferation of fibroblasts and
the subsequent overproduction of ECM proteins have been implicated in fibrosis. It is well
known that implant fibrosis and fibrotic encapsulation can often contribute to medical device
failures, ranging from breast implant contracture to biosensor inactivation.®-2° Fibrosis has also
been implicated in postsurgical adhesions, contributing to the failure of gastrointestinal,

gynecological, and sinus surgeries.?

To this end, new biomaterial interfaces that foster an antifibrotic environment must be
developed. Previously, there has been considerable work on chemistry-based approaches for
decreasing fibrosis. For example, Risbud et al. reported how biocompatible hydrogels composed
of chitosan-pyrrolidone arrest capsular fibroblast growth.?? Other materials such as alginate,
hyaluronic acid, and derivatives of chitin have been demonstrated to mimic fetal wound healing
by selectively inhibiting fibroblast growth.?®?* Recently, however, it has been established that

cells are capable of responding to nanotopographical cues found in their microenvironment.
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Therefore, nanotopography offers the opportunity to perturb a wide range of cellular responses.
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.
Herein we report how nanostructured biomaterials can be used to generate an antifibrotic

environment for cells.

To investigate how nanotopography 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 functions.?>2® Ranging from microcontact printing to photolithography, there are
various techniques for systematically controlling topographical features. One such fabrication
technique to achieve nanofeatures is nanoimprint lithography (NIL). This technique is a
stamping process capable of generating nanometer length patterns as small as 10 nm.?"% In
contrast to conventional photolithography, nanofeatures are generated by the mechanical
deformation of a thermoplastic material using a mold with nanofeatures. Molds are fabricated

using electron beam lithography to overcome the diffraction limit of light and to produce features

on the nanoscale.

The design of the nanostructured substrates was inspired by the ECM that surrounds soft tissue
implants. Mimicking the ECM involved rationally designing structures that were similar to
collagen, the most abundant ECM protein in the body. Collagen consists of staggered arrays of
tropocollagen molecules that bind together to form fibrils. These collagen fibrils have diameters
that range from 100 to 500 nm and lengths up to the millimeter length scale.?® Despite significant
research efforts over the past two decades, the effect of collagen fibril geometry on wound

healing and fibrosis remains largely unknown.



Fibrosis is the scarring and stiffening of tissue from the accumulation of excess extracellular
matrix in response to chronic inflammatory processes and foreign materials. During the fibrotic
response, fibroblasts are recruited to the site of tissue injury and differentiate into myofibroblasts
in response to chemical cues such as transforming growth factor beta (TGFb) and chemokines,
and physical cues such as tension.332 Activated myofibroblasts promote the turnover of
established extracellular matrix and synthesize new ECM proteins, while also providing the
mechanical tension to close wounds.®*34 Herein we examine the effect of nanotopography on
fibroblast phenotype and function by investigating the ability of topography to decrease the
fibrotic activity of fibroblasts as measured by fibroblast proliferation, morphology, and

expression of profibrosis genes.
Nanotopography applications in drug delivery

Nanotopography represents a versatile new tool in the field of drug delivery with the potential to
improve upon harsher or more complex chemical and physical delivery techniques. The range of
available topography geometry and fabrication methods has led to applications in multiple
modalities of drug delivery, including intracellular and transcellular delivery, both via oral and

transdermal delivery methods.
Intracellular Delivery

Intracellular delivery of drugs, ranging from small ribonucleic acids (RNAS) up to
macromolecules, holds powerful therapeutic potential. Nanotechnology has already shown
promise in targeted drug delivery for a number of disease models .3 Within this field, several
distinct nanotopographies have demonstrated robust intracellular delivery of drug via different

modalities. First, Dalby et al developed nanotopography that increases drug delivery by



activating endocytosis.®® Fabrication of the nanocolumns was achieved through colloidal
lithography, whereby a colloidal mask was electrostatically adsorbed followed by ion beam
etching to create nanopillar topography. Fibroblasts in contact with the nanopillars showed
increased endocytic activity, demonstrated by an increase in clathrin and dynamin localization
around columns. Analyzing fibroblast phenotype by transmission electron microscopy (TEM)
revealed that cells seeded on these structures increased vesicle formation and attempted to
internalize the columns. These findings suggest cell contact with nanocolumns activates
endocytosis. Echoing this finding, Teo et al have found that cellular interaction with
nanotopography can encourage drug uptake by micropinocytosis.>’ Teo developed nano and
micropillars using a stamping process called nanoimprint lithography. Both human
mesenchymal stem cells (hMCSs) and monkey kidney fibroblasts increased internalization of
dextran while interacting with either nano or micropillars. However, transfection efficiency was
highest in hMSCs cultured on nanopillars, demonstrating that this is a cell and structure-scale
dependent effect. Moreover, Solanki et al demonstrated that nanotopography improves the
efficiency of small interfering ribonucleic acids (siRNA) uptake in stem cells.®® Solanki coated a
monolayer of self-assembled silica nanoparticles with both laminin and siRNA. Neural stem
cells showed maximal gene knockdown in cells seeded on 100 nm silica particles. Interestingly,

this technique was shown to be generalizable to siRNA delivery to other mammalian cell types.

Moreover, nanotopography, specifically nanowires and nanotubes which demonstrate robust
regulation of cell growth and material biocompatibility**%°, can also directly deliver a drug
intracellularly.*142 Silicon nanowires grown by either chemical vapor deposition or reactive ion
etching have both been shown to penetrate the cell membrane while maintaining membrane

integrity. The target molecule can be loaded on to nanowires by surface-modification and



delivered directly into the cytosol of cells. Shalek et al demonstrated the delivery of a small
molecule, siRNA, peptides, and proteins, as well as co-delivery of siRNA and protein.**
Similarly VanDersarl et al, inspired by gap junctions and other stable conduits for intracellular
communication, have developed nanostraws that can directly deliver drug into the cytosol
(Figure 1).** Nanostraws of tunable diameter and length were created by coating filter
membranes with alumina then selectively etching away the membrane. Nanostraws directly
delivered small molecules, proteins, and plasmids without endocytosis or adenovirus vectors.
Furthermore, these connections were stable for several days, negating the need for repeat

penetrations.
Transepithelial Delivery

While direct intracellular delivery is a powerful technique, it requires direct access to cells or
tissues of interest. Systemic drug delivery requires circumventing the epithelium, a substantial
barrier that separates the body from its external environment. The epithelium is a functionalized
tissue designed to compartmentalize the body. As such, the epithelium is a significant obstacle
to drug delivery, especially for high molecular weight therapeutics. The newest generation of
drugs is biologics. Biologics include protein, peptide, and siRNA based drugs, and are all
developed from an understanding of the biology of a disease. With a tailored approach to drug
development, these therapeutics hold great potential. However, biologics face many drug
delivery limitations, and poor drug distribution and low absorption levels lead to many
developed drugs not reaching commercial markets. Diffusion and delivery of biologics are
limited by their size, chemistry, and clearance rates. For instance, the rate of diffusion across the
gastrointestinal epithelium of molecules greater than 20 kilo Dalton (kDa) is highly limited,

while the same limit for the stratum corneum of the skin is 0.5 kDa.



Skin serves as the critical boundary between the external world and our viscera. The stringency
of the epidermal barrier is reflected by the dearth of transdermally delivered drugs; currently
only 17 drugs have been approved for this delivery route by the Food and Drug Administration
(FDA), and all of these agents fall within a very narrow parameter space (<500 Daltons in size
and highly lipophilic). The limitations of transdermal technology appear even starker with the
increasingly frequent development of high molecular weight, antibody-based therapeutics, many

of which have promising biologic effects but are hampered by limited delivery options.

Until recently, skin barrier function was thought to be mediated entirely by the outermost stratum
corneum, a defined meshwork of anucleate keratinocytes, lipids, and proteins. However, recent
studies have discovered the presence of the epidermal tight junction (TJ) and multiple TJ
proteins, including occludin, zonula occludins-1 (ZO-1), and in particular claudins, which are
critical for epidermal barrier function-! . TJ complexes function as the paracellular barrier in
simple epithelial cell types such as gastrointestinal mucosal cells and offer an additional well-
conserved mechanism through which the skin can regulate its permeability®?=*. Tight junctions
are cell to cell junctions that determine the flow of molecules and fluid.>> Claudins, a class of
transmembrane proteins, interact with adjacent cell claudins to occlude the paracellular
space.>®>*%% Claudins, and therefore tight junctions, are linked to the cytoskeleton by binding to
proteins like ZO-1, which also binds to actin.*® Thus, the cellular pathways that lead to the
interaction of the cell with surfaces could draw away actin from the TJs allowing for increased
permeability. While multiple technologies have attempted to increase the permeability of the

stratum corneum less emphasis has been placed on modulation of the skin TJ barrier®-°,

Intravenous or subcutaneous injection is the standard method of administration of larger drugs

and biologics. Various chemical and physical methods have been employed to deliver drug



across epithelia without injection, but drugs delivered are limited to low molecular weights.5%
% Nanotopography has shown promise in improving transepithelial drug delivery in two ways,
by increasing the time and concentration gradient across the epithelium or by perturbation of
cell-cell attachments like tight junctions. Fischer et al have demonstrated that silicon nanowires,
grown by a vapor-liquid-solid method on glass microbeads, can increase adhesion to epithelium
in vitro and in vivo.®” In the context of oral drug delivery, this increased adhesion of drug loaded
microbeads to the intestine increasing the residence time and concentration gradient, which
drives drug diffusion across the intestine. Under in vitro mucus flow, microbeads coated with
longer nanowires had significantly longer median survival times and resisted higher shear than
those coated with shorter nanowires or nanowires coated in a mucoadhesive, lectin. The force
needed to dislodge the nanowire coated beads increased 100 fold compared to non-coated
controls. In vivo, nanowire coated microbeads increased residence time in the gastrointestinal
tract by ten-fold compared to non-coated controls. Nanowires additionally have been found to
modulate the barrier function of epithelium. With silicon nanowires grown on silica
microbeads, Uskokovi¢ et al demonstrated that, in addition to adhesion, barrier function of the
epithelium was also disrupted. In an intestinal cell line, Caco2, nanowires increased
permeability, as measured by transport of fluorescein-Na, and decreased barrier function, as
measured by transepithelial resistance (TER).®® Specifically, the nanowires disrupted the tight

junctions, the major determinant of paracellular permeability.

Cells are sensitive to the specific spacing between nanostructures.®® Studies have also shown
that the surface area of topographical features limits the size of the focal complexes that can
form.2%0 |t has been observed that the size and shape of the focal adhesion has functional

consequences.’*" Additionally, the spacing between focal adhesions also have an effect on



signaling.” It is well established that cells can interact with nanostructures using integrins and
form focal complexes and adhesions.”*"™ These complexes link the extracellular environment to
the actin cytoskeleton of the cell. TJs are also intimately connected to the actin cytoskeleton and
sensitive to actin dynamics.”® Building off of prior work in the lab using silica nanowire coated
microbeads, which altered the barrier function of an intestinal epithelium model, we examined a
repertoire of low aspect ratio nanotopography geometries for their ability to modulate the barrier
function of both intestinal and epidermis. We hypothesized that nanotopographical geometries
can modulate epithelial permeability. We examined transcellular transport by changes gene
expression, measuring drug endocytosis, and inhibiting endocytic pathways. Tight junction
structure and expression of related genes was measured as an indication of nanotopography’s
effect on paracellular transport. Cellular interaction with the nanotopography was studied by
visualization of focal adhesion formation and downstream mechanotransduction signaling.
Finally, we discovered that nanotopography mediated drug transport could be generalized from a

gastrointestinal model to increase transdermal drug delivery in vivo.
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Methods

Fabrication of nanostructured surfaces

Fabrication of a mold for the nanostructured thin films was performed using electron beam
lithography (JEOL JBX-9300FS EBL; Jeol Ltd., Tokyo, Japan). A nanostructured pattern was
generated on a polymethylmethacrylate (PMMA) resist that had been spin casted onto an
underlying silicon substrate. After developing away the PMMA resist, anisotropic reactive ion
etching was employed to precisely etch the underlying silicon substrate, resulting in the
nanofeatured molds shown in Figure 1. The mold was stamped into FDA-approved
polypropylene or polystyrene thin films (25.4 mm; Premier Lab Supply, Inc., Port St. Lucie, FL).
Briefly, the polystyrene or polypropylene film was placed in contact with the silicon mold and
exposed to T=170°C and P=2 GPa using an Obducat 6-inch nanoimprint lithography system
(Obducat, Lund, Sweden). Afterward, the mold was removed to reveal well-defined nanofeatures

on the thin film.

Contact angle measurements

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 bath and then fully dried. A single drop of deionized (DI) water was placed on
each nanostructured surface. The contact angle of the water droplet is the angle at which the
liquid—vapor interface meets the solid—liquid interface and is the resultant between the adhesive
and cohesive thermodynamic forces. As a droplet spreads over a surface, the contact angle

decreases. Therefore, the contact angle is an inverse measure of the wettability of a surface. A
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contact angle greater than 90 indicates that the wetting of the surface is thermodynamically
unfavorable, so the fluid will minimize the surface contact and form a liquid droplet. Using this

analysis, the contact angles of DI water were measured.

Protein adsorption to nanostructured surfaces

Nanostructured surfaces were cut into circular shapes with a 6-mm diameter biopsy punch and
glued to the bottom of a 24-well plate (VWR, Brisbane, CA) with a silicone medical adhesive
glue (Silastic Medical Adhesive Silicone Type A; Dow Corning, Midland, MI). 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 (Sigma-Aldrich, St. Louis, MO), FITC-
BSA (Sigma-Aldrich), and fibrinogen-Alexa Fluor 568 (Life Technologies, Grand Island, NY),
(each at a concentration of 0.1 mg/mL) were incubated on the nanostructured surface for 2 h. The
thin films were rinsed with DI water and sonicated (Ultrasonic Bath Sonicator Model 75T;
VWR) for 10 min at the default frequency. They were then mounted for visualization with a
spinning disk confocal microscope (Ti-E Microscope; Nikon Instruments, Inc., Melville, NY,

with a CSU-22 spinning disk confocal; Yokogawa Electric Corporation, Newnan, GA).

Culture of cells on topographic nanostructured surfaces

NIH 3T3 mouse fibroblasts were cultured in the DMEM high glucose (Gibco; Life
Technologies) supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and
100 IU/mL penicillin—streptomycin (Sigma-Aldrich). The cultures were incubated in an
atmosphere containing 5% CO> and 90% relative humidity at 37°C. Growth media were

exchanged every third day. The cells were subcultured at 90% confluency by trypsinization with

20



0.25% trypsin-EDTA. Cells from passage numbers between 160 and 170 were used for the

experiments.

Cyquant proliferation assay

Six millimeter biopsy 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 (VWR) using
the same glue as previously described. The films were disinfected with 70% ethanol overnight
and air-dried in a Cll safety cabinet. Fibroblasts were seeded at a density of 2000 cells/well and
cultured over a 4-day time period. At 24, 48, 72, and 96 h, the media was aspirated and the plate
was frozen at —80°C overnight. A cell pellet of 1 million cells was used for quantifying the
number of cells that proliferated on the substrates. The cell pellet was serially diluted to generate
a standard curve that ranged from 50 to 50,000 cells. The green fluorescent Cyquant dye was
used to detect the number of cells for each time point (Cyquant Cell Proliferation Assays; Life
Technologies). The signal was read on a fluorometer (SpectraMAX 190; Molecular Devices,

Sunnyvale, CA) at a wavelength of 495 nm.

Immunofluorescence staining of F-actin and cell area quantification

Cells were fixed in 3.7% paraformaldehyde for 15 min and permeabilized with Triton X (0.1%)
for 20 min. The F-actin was stained with phalloidin conjugated to Alexa Fluor 568 and diluted
1:40 in phosphate-buffered saline (PBS) for 30 min at 25°C (Life Technologies). The nucleus
was stained with Hoechst 33258 at a dilution of 1:2000 for 30 min (Life Technologies). Samples
were washed three times for 5 min in 1 mL PBS and mounted on a glass cover slip with hard

mounting media (Vectashield; Vector Laboratories, Burlingame, CA) before inspection with
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spinning disk confocal microscopy. Images were analyzed with ImageJ software that was

downloaded from the National Institutes of Health (Image J, http://rsb.info.nih.gov/ij/). The

images were imported into the software as an 8-bit grayscale sequence and then smoothed with
brightness and contrast functions to enhance the features relative to the background. The
threshold function was applied to create a binary image for particle analysis. ImageJ software
detected the cell based on the binary image and calculated parameters such as circularity, cell
area, perimeter, and aspect ratio. The data obtained from ImageJ were imported to Microsoft
Excel for calculating means and standard deviations for circularity (0-1). Circularity was
calculated using the equation, 4m(area/perimeter?). A circularity value of 1.0 indicates a perfect
circle and a value that approaches 0.0 is an increasingly elongated polygon, suggesting a more

spread out cellular morphology.

Scanning electron microscopy

Fibroblasts were seeded onto the nanostructured thin films. On day 2, they were fixed with 3%
glutaraldehyde in 0.1 M sodium cocadylate (pH 7.4), containing 0.1 M sucrose. After 45 min of
incubation, the cells were rinsed with the cacodylate-sucrose buffer for 10 min. Next, the
samples were dehydrated by gently adding solutions of ethanol in a graded series of
concentrations (35%, 50%, 75%, 95%, 100%, and 100%) for 10 min each. The last step was to
replace the 100% ethanol solution with HMDS, and then air-dried in the fume hood for 30 min.
The samples were then sputter coated with 200 angstroms of gold—palladium and then imaged on

a Hitachi S-5000 scanning electron microscope.

Quantitative polymerase chain reaction methods
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The following films were cut into 6-mm circular shapes and glued as previously described: the
homogeneous low aspect ratio substrate S(0.5, 1.4, 3.4), the highest aspect ratio substrate P(20),
P(flat), S(flat), or tissue culture polystyrene (TCPS). 3T3 cells were seeded at a density of 5000
cells/cm? in a 96-well tissue culture plate. After 72 h, cells were lysed, reverse transcription was
performed, and quantitative polymerase chain reaction (QPCR) (StepONEPIus; Applied
Biosystems, Life Technologies) was performed using the Fast SYBR Green cells to C+ kit in
accordance with the manufacturer's instructions (Life Technologies). The experiment was carried
out in triplicate (n=3) and the evaluation of mMRNA expression by gPCR 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
(ILK), and transforming growth factor B1 (TGF-p1) were analyzed. The real-time polymerase
chain reaction (PCR) results were analyzed using the Livak method and normalized to GAPDH
transcript levels.Z The primer sequences that were used are as follows: the GAPDH forward was
5'-CTC TCT GCT CCT CCT GTT CG-3'" and GAPDH reverse was 5'-GCC CAA TAC GAC
CAA ATC C-3". The collagen type 1 alpha 2 primer sequences in the forward and reverse
directions were AAG GGT GCT ACT GGACTCCCand TTG TTACCG GAT TCTCCTTTG
G, respectively. The collagen type 3 alpha 1 primer sequences in the forward and reverse
directions were CTGTAACATGGAAACTGGGGAAA and
CCATAGCTGAACTGAAAACCACC, respectively. The ILK primer sequences in the forward
and reverse directions were CACGGCAATGTGCCACTTC and
GCTCACAAGAGCCCCGTTAG, respectively. The EGF primer sequences in the forward and
reverse directions were AGCATCTCTCGGATTGACCCA and

CCTGTCCCGTTAAGGAAAACTCT, respectively. The TGF-£1 primer sequences in the
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forward and reverse directions were CTTCAATACGTCAGACATTCGGG and
GTAACGCCAGGAATTGTTGCTA, respectively. And finally, the CTGF primer sequences in
the forward and reverse directions were GGGCCTCTTCTGCGATTTC and

ATCCAGGCAAGTGCATTGGTA, respectively.

Statistical analysis

Data are reported as mean valuetstandard deviation. Multiple comparisons were analyzed with a
one-way ANOVA test followed by the Holm-Sidak t-test. p-values of less than 0.05 were
considered statistically significant. For the proliferation data, each group had an n=6, and for the

gene expression data, each group had an n=3 with a technical replicate of n=3.

Film and device fabrication

Nanostructured films are made, as previously described, by nanoimprint lithography whereby a
thermoplastic is heated above its glass transition temperature and pressed into a silicon mold (38).
Molds are fabricated by electron beam lithography, allowing for precise design of submicron
structures. This method has allowed the fabrication of thin films with varying nanotopographies.
Films used in the in vivo studies were the highest performer in prior drug delivery studies and are
made from polyether ether ketone (PEEK) with nanocolumns of three different lengths and widths:
1um length - 360-370nm width; 400nm length - 158-170nm width; and 200nm length - 80-115nm
width.  For the in vitro studies, a simple topography composed of PEEK or polypropylene
nanocolumns measuring 300 nm high and 200 nm wide was used. These films were used for in
vitro studies because they were similarly high performing as the in vivo topography and offered a
simple baseline design from which to iterate future studies to isolate nanostructure parameters.
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The in vivo devices are made of an impermeable backing, a reservoir for a drug solution, a rate-
controlling membrane, and silicon microneedle array (MNA) with or without a nanostructured
film. The MNA is made up of 200 um long, 90 um wide microneedles with a pitch of 400 um and
a density of about 750 needles per square cm. The MNA is 25 mm by 25 mm and the entire device
is 45 mm by 45 mm including the adhesive zone to affix the device to the skin. Using heat, the
nanostructured thin films are vacuum sealed onto the MNA.

In vivo drug delivery

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. 11 New Zealand White healthy rabbits
weighing approximately 4 kg were used. Each animal was closely clipped to remove the fur in the
left flank region. The study consisted of 3 groups: (1) the subcutaneous injection group receiving
2.5 mg/animal (n=2), (2) the nanotopography-wrapped microneedles group receiving 1.875
mg/animal (n=5), and (3) the smooth microneedles group receiving 1.875 mg/animal (n=4). 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
reviewed and approved by the Facility’s Institutional Animal Care and Use Committee (IACUC).
Blood samples were drawn from an ear vein to measure the etanercept concentration in the blood
serum at 0, 0.5, 2, 6, 24, and 48 hours. All animals were euthanized following collection of the last
blood sample. Etanercept was assayed in duplicate samples from each serum collection using
Human sTNF-receptor ELISA kit (R&D Systems, Minneapolis, MN) which has a minimum
detectable dose of 0.6 pg/mL.

For the rat studies, 12 Sprague Dawley rats weighing approximately 450 g were used. Each

animal was closely clipped and Nair hair removal product was applied to remove fur in the central
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back region. The study consisted of three groups: (1) the nanotopography-wrapped microneedles
group receiving 12.5 mg/animal (n=4), (2) the smooth microneedles group receiving 12.5
mg/animal (n=4), and (3) reservoir patch group receiving 12.5 mg/animal (n=4). ). 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
reviewed and approved by the Facility’s Institutional Animal Care and Use Committee (IACUC).
Blood samples were drawn from the tail vein to measure the etanercept concentration in the blood
serum at 0, 8, 24, 36, 48, and 72 hours. All animals were euthanized following collection of the
last blood sample. Etanercept was assayed in duplicate samples from each serum collection using
Human sTNF-receptor ELISA kit (R&D Systems, Minneapolis, MN) which has a minimum
detectable dose of 0.6 pg/mL.

Primary human keratinocyte cultures

Primary human keratinocytes were derived from healthy neonatal foreskin. Epidermis was
dissociated from dermis with dispase, and keratinocytes were grown to confluency in human
epidermal media without antibiotics (CellnTec Media CnT-PR) (Zen-Bio, Raleigh, NC). Upon
reaching confluency, the cells were dissociated and seeded on transwell inserts to differentiate
them into multilayered cultures. Cells were air-lifted on day 3 of transwell culture, and media was
exchanged daily into the basolateral chamber (CellnTec media CnT PR-D) (Zen-Bio, Raleigh,
NC).

Stratified keratinocyte immunofluorescence staining

Day 8 primary human keratinocytes were used for all immunofluorescence studies. Cells were
exposed to no device, flat control film, or nanostructured film on the apical surface (air interface)

for 24 hours. After 24 hours, the devices were removed, and cells were fixed for 10 minutes in
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100% methanol at -20 degrees Celsius and then for 20 minutes in 4% paraformaldehyde at room
temperature. After fixation, the membranes were paraffin embedded, sectioned, and placed onto
glass slides. For staining, the slides were de-paraffinized, blocked with 4% bovine serum albumin
(BSA) for 1 hour, and then incubated with primary antibody diluted in 4% BSA for 12 hours at 4
degrees Celsius. The following primary antibodies were used: mouse anti-claudin-1 (Invitrogen
374900, Carlsbad, CA) (1:200); rabbit anti-claudin-4 (Abcam ab53156, Cambridge, England)
(1:200). Following incubation with primary antibody, the sections were washed with 1x phosphate
buffered saline (PBS) and then incubated with secondary antibody diluted in 4% BSA for 1 hour
at room temperature. The following secondary antibodies were used: rabbit Alexa 568 (1:500) and
mouse Alexa 488 (1:500). Following incubation with secondary antibody, the sections were
washed and protected with a cover slip.

For reversal studies, the device was removed after 24 hour exposure, the cells were fed new
media, and fixation and staining were performed after another 24 hours in the same manner as
outlined above.

Caco-2 cell culture

Caco-2 cells from the human intestinal line (American Type Culture Collection (ATCC),
Manassas, VA) were cultured in MEM with Earle’s BSS supplemented with 20% FBS, 1%
penicillin-streptomycin, and 1% sodium pyruvate, in an atmosphere containing 5% CO; and 90%
relative humidity at 37 degrees Celsius. The cells were subcultured at 90% confluency by
trypsinization with 0.05% trypsin-EDTA.

Caco-2 immunofluorescence and TEM

Caco-2 cells were grown to confluency on Transwell inserts (BD Falcon, Franklin Lakes, NJ)

until tight junctions formed as measured by TEER (World Precision Instruments, Sarasota, FL).
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No film, a flat film, or a nanostructured film were placed in contact with the cell monolayer. After
two hours in contact with the films, immunofluorescence samples were fixed with 3.7%
paraformaldehyde (PFA) for 15 minutes at room temperature. Samples were blocked and
permeabilized with a solution of 1% BSA with 0.1% Triton-x in a phosphate buffer solution (PBS)
for one hour at room temperature. The samples were incubated with a primary antibody: mouse
anti-claudin-1 (Santa Cruz Biotechnology XX7, Santa Cruz, CA) (1:200), rabbit anti-claudin-4
(Abcam ab53156, Cambridge, England) (1:200), mouse anti-occludin (33-1500 Invitrogen,
Carlsbad, CA) (1:100), rabbit anti-pFAK (Life Technologies 44-6246, Carlsbad, CA) (1:100),
FITC conjugated mouse anti-vinculin (Sigma F7053, St. Louis, MO) (1:100), rabbit anti-pMLC
(Cell Signaling Technologies 3671S, Danvers, MA) (1:50), rabbit anti-integrin betal (Abcam
AB52971, Cambridge, England) (1:100), or rabbit anti-ZO-1 (Invitrogen 40220, Carlsbad, CA)
(1:100) at 37 degrees Celsius for 1 hour. After washing with PBS, a secondary antibody solution
goat anti-rabbit Alexa 488 (Life Technologies A11008, Carlsbad, CA) (1:100) or goat anti-mouse
Alexa 488 (Life Technologies A11029, Carlsbad, CA) (1:100), and rhodamine phalloidin (Life
Technologies R415, Carlsbad, CA) (1:40) was added for 1 hour at 37 degrees Celsius. The samples
were then mounted with vectashield HardSet mounting medium with DAPI (Fisher Scientific,
Waltham, MA) for imaging with a Nikon FN-1 Microscope (Melville, NY).

Samples for TEM were fixed in 2.5% glutaraldehyde (EM grade) in PBS solution for 1 hour at
room temperature. Samples were dehydrated with 25%, 50%, 70%, 95%, then 100% ethanol
solutions. For resin infiltration, samples were incubated with 1:1 solution of 100% ethanol and
Epon resin for one hour, then incubated, covered, overnight in pure Epon resin. To embed samples,
samples were placed in fresh epon resin and put in an oven at 60° C for two days. Samples were

imaged on a H-7500 TEM (Hitachi, Los Angeles, CA).
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TEER and drug delivery studies

Caco-2 cells were grown to confluency on transwell inserts (BD Falcon) until tight junctions
formed as measured by TEER (World Precision Instruments, Sarasota, FL). Cells were incubated
with 2 mg/mL RGDS peptide, mouse anti-integrin betal (Millipore MAB2253, Temecula, CA)
(1:25) and anti-integrin alphaV (Millipore MAB2021Z, Temecula, CA) (1:5), or 330 uM MLCK
inhibitor peptide 18 (aka PIK) (Millipore 475981, Temecula, CA) for one hour at 37 degrees
Celsius. No film, a flat film, or a nanostructured film were then placed in contact with the cell
monolayer and FITC-BSA (Sigma, St. Louis, MO) was added to the apical chamber to a final
concentration of 0.1 mg/mL. The basolateral chamber was sampled at time points and the amount
of FITC-BSA transported was measured on a UV-vis spectrophotometer or the TEER was
measured. After the final time point, MLCK treated samples were then fixed and stained as above
for microscopy.

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

SUPPLEMENTAL INFORMATION

Caco? cells were seeded at a density of 50,000 cells in a 96-well tissue culture plate. The

nanostructured and unimprinted thin films were placed in contact with the cells for 2 hours at

37°C (see Supplemental information). Cell lysis, reverse transcription (Eppendorf), and gPCR

(Applied Biosystems, StepONEPIus) were performed using the Fast SYBR Green Kit in

accordance with the manufacturer’s instructions. The experiment was performed in triplicate

(n=3) and the evaluation of mMRNA expression by qPCR was also performed in triplicate. The

29



expression of GAPDH (forward 5> CTCTCTGCTCCTCCTGTT CG-3’, reverse 5’-
GCCCAATACGACCAAATCC-3’), ZO-1 (forward 5’- TGTGAGTCCTTCAGCTGTGG-3’,
and reverse 5’- TTTCCTGCTCAACTCCTTCG-3’), ocIn (forward 5’-
ACCGAATCATTATGCACCAAGC-3’, reverse 5°- AGATGGCAATGCACATCA CAA-3’),
MLCK (forward 5’- CCCGAGGTTGTCTGGTTCAAA-3’, reverse 5’-
GCAGGTGTACTTGGCATCGT-3’), and FAK (forward 5’- GGCCTGCTTTGGATTCCG C-

3’, reverse 5’- CAGTGAACCTCCTCTGACCG-3’) were analyzed.

30



Chapter 3 — The effect of nanotopography on modulating protein adsorption
and the fibrotic response

Abstract

Understanding and modulating the cellular response to implanted biomaterials is crucial for the
field of tissue engineering and regenerative medicine. Since cells typically reside in an
extracellular matrix containing nanoscale architecture, identifying synthetic nanostructures that
induce desirable cellular behaviors could greatly impact the field. Using nanoimprint
lithography, nanostructured patterns were generated on thin film polymeric materials. The ability
of these surfaces to influence protein adsorption, fibroblast proliferation and morphology, and
fibrotic markers was investigated. Nanostructured features with aspect ratios greater than five
allowed for less protein adsorption, resulting in decreased fibroblast proliferation and rounded
cellular morphology. These nanofeatures also induced significantly lower gene expression of
collagen 1a2, collagen 3al, and growth factors such as connective tissue growth factor, integrin
linked kinase, transforming growth factor 1 (TGF-B1), and epidermal growth factor, key factors
associated with a fibrotic response. The results demonstrate that select nanostructured surfaces
could be used to modulate the fibrotic behavior in cells and have the potential to be used as

antifibrotic architecture for medical implants or tissue engineering scaffolds.

Introduction

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 eventual
loss of functional tissue in the vicinity surrounding the implant. The fibroblast is a specific cell

that synthesizes and deposits the extracellular matrix (ECM), forming the structural network for
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soft tissue. Although it plays a critical role in wound healing, the over-proliferation of fibroblasts
and the subsequent overproduction of ECM proteins have been implicated in fibrosis. It is well
known that implant fibrosis and fibrotic encapsulation can often contribute to medical device
failures, ranging from breast implant contracture to biosensor inactivation.1= Fibrosis has also
been implicated in postsurgical adhesions, contributing to the failure of gastrointestinal,

gynecological, and sinus surgeries.

To this end, new biomaterial interfaces that foster an antifibrotic environment must be
developed. Previously, there has been considerable work on chemistry-based approaches for
decreasing fibrosis. For example, Risbud et al. reported how biocompatible hydrogels composed
of chitosan-pyrrolidone arrest capsular fibroblast growth.2 Other materials such as alginate,
hyaluronic acid, and derivatives of chitin have been demonstrated to mimic fetal wound healing
by selectively inhibiting fibroblast growth.® Recently, however, it has been established that cells
are capable of responding to nanotopographical cues found in their microenvironment. The ECM
is composed of complex architectural features at the nanoscale, including pores, fibers, ridges,
and protein band periodicities of ~60 nm.2 Nanoscale features, being at the subcellular size scale,
have the ability to influence cellular behaviors such as morphology, proliferation, and
differentiation.2=! Therefore, nanotopography offers the opportunity to perturb a wide range of
cellular responses. 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. Herein we report how nanostructured biomaterials can be used to generate

an antifibrotic environment for cells.
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To investigate how nanotopography 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 functions.2212 Ranging from microcontact printing to photolithography, there are
various techniques for systematically controlling topographical features. One such fabrication
technique to achieve nanofeatures is nanoimprint lithography (NIL). This technique is a
stamping process capable of generating nanometer length patterns as small as 10 nm.2422 |n
contrast to conventional photolithography, nanofeatures are generated by the mechanical
deformation of a thermoplastic material using a mold with nanofeatures. Molds are fabricated

using electron beam lithography to overcome the diffraction limit of light and to produce features

on the nanoscale.

The design of the nanostructured substrates was inspired by the ECM that surrounds soft tissue
implants. Mimicking the ECM involved rationally designing structures that were similar to
collagen, the most abundant ECM protein in the body. Collagen consists of staggered arrays of
tropocollagen molecules that bind together to form fibrils. These collagen fibrils have diameters
that range from 100 to 500 nm and lengths up to the millimeter length scale.X® Despite significant
research efforts over the past two decades, the effect of collagen fibril geometry on wound
healing and fibrosis remains largely unknown. Herein we designed surfaces with arrays of
nanopillars that have diameters ranging from 200 to 800 nm to capture the full breadth of
collagen fibril diameters that are found in nature. Moreover, collagen and many other
components of the ECM are hierarchical structures from the molecular length scale to the
macroscopic length scale. Therefore, one of the substrates was designed to mimic the complex

hierarchical structure of collagen by containing micron-sized features with two levels of
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nanosized features. All four of the nanostructured substrates were designed to emulate the in vivo
cross section of severed collagen fibers that results from soft tissue injury as a two-dimensional
array of nanopillars. To this end, we utilized NIL to generate various nanostructured surfaces in
two commonly used polymeric materials as a platform to examine how nanotopographical cues
influence fibroblast behavior. Since cellular attachment and proliferation are mediated by protein
adsorption to the underlying substrate, we hypothesized that nanostructured topography would

influence protein adsorption, thereby affecting the fibrotic response.

Results

Nanofabrication

NIL was utilized to generate four unique nanostructured topographies as shown in Figure 1. The
different substrates consisted of a polypropylene film with high aspect ratio nanopillars [height
(H)=16 um, diameter (D)=800 nm, aspect ratio (AR)=20, surface roughness=850 nm]; a
polystyrene film with high aspect ratio nanopillars (H=1 um, D=200 nm, AR=5, surface
roughness=73 nm); a polystyrene film with a patchwork pattern of nanostructures (H=175 nm,
D=200 nm, AR=0.88, surface roughness=9 nm); and finally, a polystyrene film with three
different nanopillars combined in a hierarchical pattern with the largest pillar diameter of 1 pm
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 ARs 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 nanostructure aspect ratio in parentheses [e.g., “P(20)”

encodes for the polypropylene film with a nanostructure aspect ratio of 20].
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a 5(0.88)

Figure 1

Nanoimprint lithography was employed to imprint the nanofeatures from nanofeatured molds
into polystyrene or polypropylene thin films. Scanning electron microscopy (SEM) images
reveal (a) a polystyrene thin film with features having an aspect ratio of 0.88, (b) a
polypropylene thin film with features having an aspect ratio of 20, (c) a polystyrene thin film
with hierarchical nanofeatures having aspect ratios of 0.5, 1.4, and 3.4, and (d) a polystyrene thin

film with features having an aspect ratio of 5.

Contact angle measurements and protein adsorption

Characterization of hydrophobicity was performed through static water contact angle
measurements. Figure 2 shows the contact angles in degrees for each nanostructured substrate.
P(20) resulted in a higher contact angle compared with the P(flat) control. Similarly, the
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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. Next, we tested the hypothesis that higher contact angles correlated with
elevated protein adsorption levels. To test this hypothesis, we incubated the nanostructured
substrates in solutions composed of proteins that are commonly found in blood to mimic the in
vivo environment of blood-contacting medical device implants and biosensors. The blood protein
solutions were composed of either FITC-BSA, FITC-IgG, or Alexa Fluor 568-Fibrinogen.
Next, the nanostructured substrates were imaged with confocal microscopy as shown in Figure 3.
The nanotopography dramatically affects the way proteins adsorb to the various surfaces. For
example, the higher aspect ratio features [S(5) and P(20)] seem to adsorb FITC-BSA, FITC-1gG,
and fibrinogen only to the tips of the nanopillars. Interestingly, FITC-BSA and FITC-IgG adsorb
to the tops of the micron-sized features as well as to the nanopillar tips of the hierarchical S(0.5,
1.4, 3.4) nanostructured thin film. However, fibrinogen appears to adsorb nonpreferentially on
the S(0.5, 1.4, 2.4) surface. Furthermore, the heterogeneously patterned S(0.88) surface induced

preferential protein adsorption in a quilt-like pattern for all three proteins.
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Figure 2
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The water contact angle measurements demonstrate that the presence of nanofeatures on the
polystyrene and polypropylene thin films increases the contact angles. This result translates into

a more globally hydrophobic surface. *p<0.05.

P(flat) P(20) s{flat) 5(0.5, 1.4, 3.4) 5(0.88)

Fibrinogen

FITC-IgG

FITC-BSA

Figure 3
Alexa Fluor-Fibrinogen, FITC-IgG, and FITC-BSA were physisorbed onto the nanostructured
and control surfaces. The proteins adsorbed to the surfaces in different patterns. Color images

available online at www.liebertpub.com/tea

Fibroblast proliferation

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 4 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
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stress fibers on the control flat substrates. However, the fibroblasts grown on P(20) and S(5)
substrates were rounder and had fewer stress fibers. Quantitative analysis of cell morphology as
measured by circularity confirmed what was observed qualitatively. Fibroblasts grown on the
high aspect ratio P(20) and S(5) surfaces have statistically significantly (p<0.001) higher
circularity values than those of the cells grown on low aspect ratio substrates, P(flat), S(flat),
S(0.88), and S(0.5, 1.4, 3.4).

3T3 Fibroblast Proliferation
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Figure 4
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3T3 fibroblast proliferation was quantified with the Cyquant assay. Over 4 days, the fibroblasts
grew significantly more slowly on the P(20) and the S(5) nanostructured surfaces compared to

the other surfaces.

P(flat) P(20)

09 — % 2
0.8 ‘1—| T . B p(flat)
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HP(20)
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= j s(flat)
8 54 - = 5(0.88)
= s(s)
2 I i mS(05,1.4, 3.4)

S(flat) S(5) 5(0.88) $(0.5,1.4,3.4)

Circularity

Figure 5

The fibroblast morphology indicates that the higher aspect ratio nanofeatures induce a rounded
cellular morphology compared to the lower aspect ratio nanofeatures and the flat controls. The
scale bars are 10 um. The circularity values for the fibroblasts grown on high aspect ratio
nanostructured surfaces [P(20) and S(5)] are significantly higher than those of the low aspect
ratio nanostructured surfaces [P(flat), S(flat), S(0.88), S(0.5, 1.4, 3.4)]. The * symbol indicates
p<0.001. This result indicates that the fibroblasts are unable to attach and spread on the high

aspect ratio nanofeatures.

Cell morphology
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Scanning electron microscopy (SEM) was employed to directly image the interactions of the
filopodial projections with the nanofeatures. Fibroblasts grown on flat polypropylene (Fig. 6a)
showed a typical, spread fibroblast shape. In contrast, fibroblasts grown on P(20) films (Fig. 6b)
were more rounded. As seen with flat polypropylene, fibroblasts grown on flat polystyrene (Fig.
6¢) were spread out with many filopodia. Fibroblasts on S(5) films (Fig. 6d) were more rounded
like those on the P(20) film. In contrast, fibroblasts grown on the low aspect ratio polystyrene
films, S(0.88) and S(0.5, 1.4, 3.4) showed a more typical fibroblast morphology (Fig. 6e, f).
Interestingly, fibroblasts growing on the S(0.88) substrates preferentially grow on certain
nanopatterned features. The fibroblasts exhibit star-like filopodial projections that adhere to the
nanopatterned square patches. On S(0.5, 1.4, 3.4) films, fibroblasts seem to preferentially extend

filopodia to taller structures (Fig. 1c).

a P(flat)

C S(flat)
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Figure 6

SEM images demonstrate how the fibroblasts are interacting directly with the nanostructures. (a)
Fibroblasts grown on P(flat). (b) Fibroblasts grown on P(20). (c) Fibroblasts grown on S(flat).
(d) Fibroblasts grown on S(5). (e) Fibroblasts grown on S(0.88). (f) Fibroblasts grown on S(0.5,
1.4, 3.4). Similarly to Figure 5, the P(20) and S(5) nanostructured surfaces induce a rounded

morphology, indicating an antifibrotic environment. The scale bars are 10 pm.

Gene expression

Expression of the following six genes was measured by qPCR: collagen 102 (COL102), collagen
3al (COL3al), CTGF, ILK, transforming growth factor B1 (TGF-B1), and EGF. The results
indicate that P(20) elicits a significant down-regulation in fibrotic markers as shown in Figure 7.
For example, the fibroblast gene expression of both COL1a2 (Fig. 7a) and COL3al (Fig. 7b) on
P(20) are significantly downregulated compared to the lower aspect ratio S(0.5, 1.4, 3.4),
unimprinted control, and TCPS control, suggesting an overall decrease in collagen production
with high aspect ratio nanostructures. Similarly, CTGF, TGF-B1, and EGF growth factors
responsible for the proliferative behavior of fibroblasts are substantially downregulated in the

presence of the P(20) nanostructured surface.
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Gene expression studies for (a) collagen 1a2, (b) collagen 3al, (C) connective tissue growth

factor, (d) integrin linked kinase, (e) transforming growth factor $1, and (f) epidermal growth

factor are displayed for P(20) and S(0.5, 1.4, 3.4). The * refers to a significant difference of

p<0.05 between the film and the tissue culture polystyrene (TCPS) control, while the #

corresponds to a significant difference of p<0.05 between the film and the unimprinted control

group. 7 and 6 refer to a significant difference of p<0.05 between P(20) and S(0.5, 1.4, 3.4) films

and unimprinted control and TCPS control, respectively.
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Discussion

The ECM is a hierarchical environment containing microscale to nanoscale features ranging
from microns to 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 microgrooves, ridges, and pillars with variable densities and
roughnesses. A better understanding of the role that nanotopographical cues have on the fibrotic

phenotype is important to the development of implanted materials.

In this study, we demonstrated how nanostructure-mediated cues elicit a dramatic effect on
protein adsorption, cell shape, proliferation, and gene expression, with potential applications for
decreasing fibrosis in vivo. We tested four different nanostructured surfaces and discovered that
surfaces with higher aspect ratio features above five fostered an antifibrotic microenvironment.
This result may be directly related to the surface structure or indirectly related to the way the
surface topography influences ECM protein recruitment. The longer and thinner nanofeatures
may resist protein adsorption due to steric hindrance and entropic repulsive forces.X2 Although
others have observed differential cellular responses to nanotopography, most research has
focused on cell-surface interactions and have not investigated the intermediate effect that
nanostructures have on protein adsorption.2192-22 Unlike microtopography, whereby the cells
are mechanically constrained between features, nanotopography may 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
influencing cell growth, proliferation, and the overall incorporation of the biomaterial into the

body. Depending on the shape of the nanofeature, the new surface energy may result in a more
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hydrophilic or hydrophobic environment, which can lead to protein resistance or even protein
denaturation in the extreme case. The results from Figure 2 indicate that regardless of material
chemistry, nanotopography increases the contact angles of polystyrene and polypropylene, and
therefore increases the hydrophobicity and surface energy of the thin films. P(20) and S(5) both
have higher contact angles compared to the other surfaces. Perhaps, this superhydrophobic effect
from the nanostructures may induce conformational denaturation of the adsorbed proteins,
ultimately affecting the cell-materials interactions.22 Without suitable protein presentation on the

surface, the fibroblasts are less capable of attaching and maintaining healthy phenotypes.2*

As we can see from Figure 3, the three blood proteins have drastically different adsorption
patterns on the different surfaces. This is a striking result because it suggests that the
nanostructure of the underlying surface influences the way proteins adsorb, which could be
relevant to the surface properties of medical device implant materials. Interestingly, fibrinogen
appears to adsorb to the same surface in a different way than FITC-1gG and FITC-BSA. For
many of the surfaces, there are patches of no protein adsorption, particularly for P(20) and S(5).
Fibrinogen is a much larger protein than IgG and BSA with a Stokes radius of 10.7 nm, twice the
size of IgG (5.5 nm) and three times the size of BSA (3.4 nm).22 Therefore, it may be difficult for
the relatively larger fibrinogen molecules to conform to surfaces with high roughness such as in

P(20) and S(5).

The various protein adsorption patterns strongly correlate to changes in phenotypic behaviors.
For example, the nanotopographies of the surfaces may contribute to the different fibroblast
morphologies that were observed by immunofluorescence and SEM. Interestingly, fibroblasts

grown on P(20) and S(5) exhibited more rounded morphologies as quantified by circularity in
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Figure 5. In contrast, cells grown on S(0.5, 1.4, 3.4), S(0.88), and the flat control surfaces
displayed well-spread morphologies. Numerous studies in the literature have described a
common trend of decreased cellular adhesion and spreading with an increase in nanofeature
height.222L 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 restriction of protein adsorption to the tips. Furthermore, this would indicate that the higher

aspect ratio nanofeatures restrict integrin adhesion formation to the apexes of the nanopillars.

In this study, there are two mechanisms of action on the nanoscale that contribute to the
fibroblast response to nanotopography: protein adsorption and substrate mechanics. In Figure 6,
it is apparent that the low aspect ratio nanofeatures promote more interaction with the cells.
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 ~100 nm and are the main sensory
tools for spatial information.28 Since the S(0.5, 1.4, 3.4) nanostructures have larger diameters that
range from 200 nm to 1 um, the fibroblasts were able to form intact focal adhesions to this
surface.” 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 terminate 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. It is well established that fibroblasts
proliferate and form organized F-actin and stress fibers on higher moduli substrates.222° To the

perspective of a fibroblast, a low aspect ratio feature is locally stiffer than a high aspect ratio
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feature due to the higher critical buckling load of a shorter and wider feature. These observations
are consistent with the well-established fact that anchorage-dependent cells must attach and
spread on an underlying substrate with a sufficient mechanical stiffness. Additionally, our study
suggests that protein adsorption patterns to nanofeatures contribute to the cellular spreading as

well.

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.22 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 19932 In this model, integrins act as mechanoreceptors that transmit mechanical
signals through the tensionally integrated cytoskeleton. The higher aspect ratio nanostructured
substrates such as P(20) and P(5) have higher surface roughnesses, which may correspond to
fewer cellular contact points for integrin engagement. Therefore, nanostructured surfaces that
induce fewer and weaker focal adhesions may be associated with lower ECM production,
proliferation, and gene expression since the reduced tension will lead to lower signal
transduction to the nucleus.2 Consistent with this hypothesis, P(20), the nanostructure with the
highest aspect ratio features, induced lower gene expression levels for COL1a2, COL3al,
CTGF, TGF-B1, and EGF compared to the lower aspect ratio substrate, S(0.5, 1.4, 3.4). This
decreased gene expression is in agreement with the significant reduction in cell growth observed
on the same surface. COL1a2 and COL3al are significant components of scar tissue, so a
downregulation in these genes suggests that this higher aspect ratio nanostructured surface could

act as an antifibrotic interface.
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Taken together, these results demonstrate that the aspect ratio and organization of
nanotopographical cues influence fibroblast proliferation, cellular morphology, and expression of
key fibrotic markers compared to flat control surfaces of the same material chemistry. The
observed phenotypic effects are most likely due to altered protein adsorption to the nanofeatures.
The proposed mechanism is through decreased focal adhesion formation and cell spreading. This

work has broad applications for decreased scar formation around implanted biomaterials.
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Chapter 4 — In vitro drug delivery mediated by nanotopography

Barrier function perturbed by nanowire coating of microspheres

Silicon nanowires grown on microspheres increase adhesion to intestinal epithelium and also
increase drug loading capacity for oral drug delivery. Further investigation of the biological
response of epithelium to the topographical cues presented by these nanowires demonstrated
that, in addition to increased adhesion, barrier function of the epithelium was disrupted. In an
intestinal cell line, Caco2, nanowires increased permeability, as measured by transport of
fluorescein-Na, and decreased barrier function, as measured by transepithelial resistance (TER).!
Specifically, the nanowires disrupted the tight junctions, the major determinant of paracellular
permeability. We examined mRNA expression of genes involved with cytoskeletal remodeling
and mechanotransduction signaling up stream of tight junction formation to investigate how cells

were responding to the topographical cues presented by the nanowires.

The real-time quantitative RT-PCR data in Fig. 1 show that already after 2 hours of incubation a
significant up-regulation of both PKC genes has occurred in cells incubated with NW and
NWoeec (Fig 1 a,b). The overall up-regulation of PKC genes compared to both the control and
cells treated with silica beads (B, Brec) was shown to be significantly more in cells treated with
NW than in those incubated with NWpes. No statistically significant difference in the mRNA
expression between Brec, NWpec and the control was detected for RhoA and Racl at any of the
time points (data not shown). Only when the amount of NW particles added to the cells was
quadrupled, Racl turns out to be up-regulated, along with CDC42 (Fig. 1c). After 4 h of
incubation, the expression of both PKCs in cells incubated with NW and NWpeg becomes

significantly higher compared to Beeg and the control; no statistical difference (p < 0.05) was
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found between Bpeg and the control. At the same time, while the expression of RhoA and Racl
in cells incubated with NWpeg is higher on average compared to Breg and the control, the higher
expression levels were not statistically significant. Although PKC genes affect the TJ by
controlling the contraction of apical acto-myosin filaments and coordinating the assembly of
adherens junctions, respectively?, RhoA and Racl regulate many processes related to
mechanotransduction, including cell migration processes®. Since no cell movement was detected
and the integrity of the cell layer was preserved even at highest particle dosages (20 mg per well)
and incubation times (24 h), little detectable change in expression of these genes was observed.
PKC genes, on the other hand, express proteins involved in regulating epithelial permeability by
maintaining the fluidity of the TJ.# Up-regulated expression of both PKC-a and PKC-z levels
may thus correspond to the observed alteration of the ZO-1 intensity around the TJ, suggestive of
increased paracellular permeability. In general, the more fluid the membrane, the greater the
expression of PKC-a®, a principle which is consistent with our findings. These results suggest
that an altered expression of proteins involved in the assembly of the epithelial TJ is responsible
for variations in its fluidity and permeability. Finally, CDC42 is a GTPase that regulates f-actin
polymerization and depolarization and its up-regulation corresponds to the earlier observed

cytoskeletal reorganization following treatments with all types of particles®.
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The effect of: (a) Bpec and NWeec particles on the mRNA expression of PKC-o and PKC-z; (b)
B and NW particles on the mRNA expression of PKC-« and PKC-z; (c) B and NW particles on

the MRNA expression of Racl and CDC42, all in Caco-2 cells. mRNA expression was detected
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by quantitative RT-polymerase chain reaction relative to the housekeeping gene GAPDH. Data
are shown as means with error bars representing standard deviation (* =>p < 0.05; ** =>p <

0.0001, with respect to the control group).

Fabrication of Nanostructured Polymer Thin Films

Inspired by the approach of using nanowires and therefore topography to modulate barrier
function, we fabricated nanostructured thin films and examined them for the ability to modulate
barrier function and drug delivery. Fabrication of a mold for the nanostructured thin films was
performed using electron beam lithography (JEOL JBX-9300FS EBL). A nanostructured pattern
was generated on a polymethylmethacrylate (PMMA) resist that had been spin-casted onto an
underlying silicon substrate. After developing away the PMMA resist, anisotropic reactive ion-
etching was employed to precisely etch the underlying silicon substrate, resulting in the
nanofeatured mold shown in Figure 1. The mold was stamped into FDA-approved polypropylene
(Premier Lab Supply Inc., 25.4 mm) through nanoimprint lithography (NIL) techniques, which is
a facile and versatile process that allows for rapid patterning of large areas. This method allows
for virtually any pattern to be generated at a resolution as small as 10 nm in a reproducible
manner.®” Therefore, virtually any kind of pattern can be fabricated to systematically investigate
particular structural parameters such as pitch, diameter, height, aspect ratio, and so forth. Briefly,
the polypropylene thin film was placed in contact with the silicon mold and exposed to T =170
°C and P = 2 GPa using an Obducat 6-in. nanoimprint lithography system. Afterward, the mold
was removed to reveal well-defined nanofeatures on a polypropylene thin film. Through
scanning electron microscopy inspection, it was apparent that the features consisted of an array

of nanopillars, each with an average height (H) of 300 nm, an average diameter (D) of 200 nm

54


http://pubs.acs.org/doi/full/10.1021/nl3037799#fig1

(aspect ratio (AR) = 1.5), and a pitch spacing of 300 nm. The root-mean-square (rms) surface

roughness of the nanostructured thin film was 47 nm, as measured utilizing atomic force

microscopy. Another nanostructured thin film was fabricated that had higher AR nanopillars (H

=16 um, D = 800 nm, AR = 20, surface roughness = 850 nm). These two nanostructured thin

films were tested to investigate the effect of two different aspect ratios on drug transport. The

two nanostructured thin films will be referred to as P(1.5) and P(20) where P represents

polypropylene and the number inside the parentheses represents the AR of the nanopillars.®

=T

g 48 "

Aspect Ratios = 0.5, 1.4, 3.4

Figure 2

Aspect Ratio =5
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SEM images of nanostructured films. Films are named by the polymer, P for polypropylene and
S for polystyrene, and the aspect ratio of the topographical features. Aspect ratio is the height

divided by the width of the feature.

Height (nm) | Width (nm) Aspect Roughness | Shear
ratio (nm) (MPa)
P(15) 300 200 15 47 218
S(0.5,1.4) | 1000;400;200 | 520;560;680 [ 0.5;1.4;3.4 | 145 319
S(5) 1000 200 5 73 39
P(20) 16000 800 20 850 27

Table 1

Physical characteristics of nanostructured thin films.

Nanotopographical cues do not increase transcellular transport

Nanotopographical cues increase drug transport across caco-2 cells, a well-established epithelial
drug delivery model owing to the formation of well-defined tight junctions. Figure 3 shows that
when cells grown in a monolayer on a permeable transwell membrane insert (Fig. 3 d) are put in
contact with low aspect ratio nanotopographical thin film, P(1.5), there is a statistically
significant increase in drug delivery as measured by delivering drug to the apical chamber and

sampling for drug in the basolateral chamber (Fig. 3 a-c). This increase is most markedly seen in
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low aspect ratio nanotopography as compared to either high aspect ratio topography, P(20),

which behaves similarly to flat, unimprinted polypropylene, and was seen for all three model

drugs.
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Figure 3

In vitro transport studies. Transport studies show that P(1.5) significantly enhances the transport
of high MW species across the Caco-2 cell monolayers over 2 h. Data are displayed as the mean
mass in micrograms (z standard deviation). Parts (a), (b), and (c) are the transport of FITC-BSA,
FITC-1gG, and etanercept, respectively. Part (d) is a schematic of the transport study setup. The

nanostructured thin film is placed directly in contact with the Caco-2 monolayer. The drug

solution is placed in the apical chamber and is sampled (with PBS replacement) periodically
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from the basal camber. (e) It appears that the IgG-FITC (green) is located around the Caco-2

cells (blue Hoechst) directly in the paracellular space. The scale bars represent 20 um.®

Transepithelial drug delivery can be divided into two different mechanisms of crossing the
cellular monolayer: transcellular whereby the therapeutic crosses through the cell and
paracellular in which the drug passes through the junction between cells. We examined the
expression of mMRNA transcripts of genes related to either endocytosis and therefore transcellular
transport, or the tight junction, a component of paracellular transport. Synaptotagmin-like
protein 1 (sytl1) expression was upregulated 20 fold by nanotopography P(1.5) as compared to
flat or cells alone (Figure 4). Sytl1 controls the spatial organization of actin at adherins junctions
and also may play a role in vesicle trafficking. This implicates that nanotopography is possibly

increasing drug transport by stimulating transcellular transport.

25 4
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Relative Sytll1 mRNA Transcript Level

DN2 UIPP Cells
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Figure 4
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The effect of P(1.5) (DN2) or unimprinted polypropylene (UIPP) on the expression of sytl1
MRNA. Data is shown as means with standard deviation as error bars. Difference between P(1.5)

and UIPP, and UIPP and cells are statistically significant (p<0.05).

To follow up the increase in expression of sytl1, caco2 cells were incubated with four different
labeled model drugs: albumin, 10 kilo Dalton (kDa) dextran, 40 kDa dextran, and 1gG. The
number of caco2 cells endocytosing drug was examined by measuring the number of FITC
positive cells by flow cytometry. Nanotopography had no effect on the number of FITC positive
cells in all drug except for IgG where cells in contact with DN2 actually showed a decrease in
the number of cells containing drug (Fig. 5). Since no difference was seen between cells in
contact with nanotopography and cells in contact with UIPP, this suggests that transcellular

transport is not the mechanism by which nanotopography increases drug transport.
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Figure 5

The effect of DN2, P(1.5), (blue) or unimprinted polypropylene (UIPP) (orange) on endocytosis
of FITC labeled albumin, 10 kDa dextran (dextran (10)), 40 kDa dextran (Dextran (40)), and IgG
as measured by percentage of FITC positive cells by flow cytometry. There is no difference in
the extent of endocytosis of drug as a result of nanotopography, except a minor decrease with

nanotopography contact for IgG.

To further investigate whether transcellular transport is involved in nanotopography mediated
drug transport, the broad kinase inhibitor genistein was used to inhibit clathrin independent
endocytic pathways.’® When cells are put in contact with thin films, there is a decrease in
transepithelial electrical resistance (TEER) whereby cells in contact with nanotopography show a
greater decrease in TEER (Fig. 6, a). If an increase in endocytosis was responsible for the
increase in permeability of epithelium in contact with nanotopography, it would be expected that
treatment with genistein would prevent this drop in TEER. Regardless of whether cells were
treated with genistein, a decrease in TEER was observed when the cells were in contact with
nanotopography, further suggesting that paracellular, not transcellular transport is increased (Fig.

6, b).
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Transepithelial electrical resistance fold change (a) of cells alone (blue diamonds), in contact
with unimprinted polypropylene film (flat, gray triangles), or P(1.5) nanostructured film (film,
orange squares). Cells in contact with P(1.5) has a greater magnitude decrease than cells in
contact with UIPP film. (b) Fold change of TEER with and without genistein (gen) inhibitor
treatment of cells in contact with either UIPP (flat) or P(1.5) film (film). Genistein inhibition of

endocytosis does not prevent drop in TEER seen with application of nanostructured films.

Nanotopographical cues increase drug transport by remodeling tight junctions

To investigate the involvement of paracellular transport in nanotopography mediated transport,
the expression of tight junction protein mRNA transcripts in cells in contact with
nanotopography was measured. The expression of junctional adhesional molecule-1 (JAM-1)
was slightly decreased by nanotopography (Figure 7). JAM-1 is an immunoglobulin-gene family
protein that is involved in cell to cell adhesion in tight junctions.** Changes in transcript levels
suggest a possibly involvement of paracellular permeability in nanotopography mediated drug
transport. Therefore, further examination of expression of claudins, a class of transmembrane
proteins in TJs that physically occlude the paracellular space and determine the permeability of
the TJ. Examining three difference claudins, 2, 4 and 7 over 6 hours showed differences
depending on the claudin. Claudin 2, a claudin expressed by epithelium with higher paracellular
permeability, showed no difference between cells in contact with nanotopography, cells in
contact with unstructured polypropylene, or cells alone (Figure 8, a). Claudin 4, a claudin
expressed in less permeable epithelium, after an initial increase in expression after two hours in
contact with either a nanostructured P(1.5) film or an UIPP (unimprinted polypropylene) film,

was down regulated by nanotopography at both four and six hours. This implies a modulation of
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paracellular permeability by nanotopography by remodeling of the tight junction (Fig. 8, b).
Claudin 7 selectively increases paracellular permeability. When cells are in contact with
nanotopography, there is no difference in mMRNA expression levels after two and four hours, but
there is a decrease in expression at 6 hours in both cells in contact with the nanostructured thin
films and UIPP, suggesting that the decrease in expression is due to chemical or material

properties common to both this films rather than a specific response to topography (Fig. 8, c).

Relative JAM-1 mRNA Transcript Level

Figure 7

The effect of P(1.5) (DN2) or unimprinted polypropylene (UIPP) on the expression of JAM-1
mMRNA. Data is shown as means with standard deviation as error bars. Difference between P(1.5)

and UIPP, and P(1.5) and cells are statistically significant (p<0.05).
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The effect of P(1.5) (DN2) or unimprinted polypropylene (UIPP) on the expression of claudin 2
(@), claudin 4 (b), and claudin 7 (c) mRNA at 2, 4 and 6 hours in contact with the films.. Data is
shown as means with standard deviation as error bars. (a) Difference between claudin 2 mRNA
expression of P(1.5) are statistically significant (p<0.05). (b) Difference between P(1.5) or UIPP
and cells at 2 hours, P(1.5) and UIPP or cells at 4 hours, and P(1.5) and UIPP or cells at 6 hours
are statistically significant (p>0.05). (c) Difference between P(1.5) and UIPP or cells at 6 hours

is statistically significant (p>0.05).

To more broadly examine transcriptional changes in tight junction and polarity related proteins,
we examined the gene expression of 84 related genes. The material of polypropylene alone

decreased gene expression of 6 genes (Figure 9). VAMP (vesicle-associated membrane protein)-
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associated protein A (VAPA) is a junctional interacting protein that is associated with vesicle
trafficking, as it is found in both the plasma membrane and intracellular vesicles*?.
Myeloid/lymphoid or mixed-lineage leukemia; translocated to, 4 (MLLT4) is involved in tight
junction assembly.*® Both of these junctional interacting proteins are down regulated. Also
down regulated at three genes associated with regulating the cytoskeleton and a cell surface
receptor: scribble cell polarity complex component (LLGLZ1), par-3 family cell polarity regulator

(PARD3), par-6 family cell polarity regulator beta (PARDG6b), and claudin 5 (cldn5).
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Figure 9

Statistically significant (p>0.05) gene expression changes comparing UIPP to Cells from tight
junction array by gPCR. VAPA, PARD6B, PARD3, MLLT4, LLGL1, and CLDNS5 are all down

regulated by contact with UIPP as compared to cells alone.

Cells in contact with nanotopography down regulated expression of 11 genes as compared to
cells alone. Two genes are also down regulated by UIPP, so probably due to the material and not
topography. Tight junction associated protein 1 (TJAP1), tight junction protein 2 (TJP2), and
tight junction protein 3 (TJP3) are all incorporated into the tight junction at different stages.
TJP2 and TJP3, also known as zonula occludins 2 and 3 respectively, are required for proper
assembly of tight junctions and form a link between the tight junction and the actin
cytoskeleton.!*> Rac1 expression, which was increased in response to nanowires, is decreased
in expression in cells in contact with the P(1.5) thin films. Microtubule affinity regulating kinase
2 (MARK?2) shows decreased expression and is involved in establishing cellular polarity and
remodeling of microtubules.'® Interestingly, down regulation of phosphatase and tensin homolog
(PTEN), as we observed, has been correlated with increased permeability of caco2 cells.*’
Protein kinase C zeta (PRKCZ), which was found to be upregulated by silicon nanowires, is
down regulated by nanotopographical films. Claudin 6 (cldn6) expression is normally associated
with decreased permeability.® Cldn6 expression was down regulated by nanotopography, which
further supports that nanotopography is remodeling tight junctions and increasing paracellular

permeability.
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Statistically significant gene expression differences comparing P(1.5) and cells alone (p<0.05).
VAPA, TJP3, TIP2, TIAP1, TIAM1, RAC1, PTEN, PRKCZ, MLLT4, MARK2, and CLDNG6

are all down regulated by cellular contact with P(1.5) compared to cells alone.
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Figure 11

Quantitative PCR studies. The gene expression levels of the signaling molecules, myosin light
chain kinase (MLCK) and focal adhesion kinase (FAK), are displayed in (a) and (b). The gene
expression levels of tight junction proteins zonula occludin-1 (ZO-1) and occludin (ocln) are also
displayed in (c) and (d). Data are normalized by expression levels of each gene by the controls
(Untreated) and presented as an average * standard deviation. *p < 0.05, **p < 0.005, ***p <

0.002, and ****P < 0.001, n = 3.8

To further examine the paracellular transport route, different signaling molecules were
investigated through gene expression studies. From Figure 11, it is apparent that the
nanostructured thin film has a dramatic effect on the overall MRNA transcription levels. For

example, myosin light chain kinase (MLCK), an important regulator of paracellular permeability,
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increased by 5.6-fold and 19-fold in cells that contacted the nanostructured thin films compared
to the unimprinted polypropylene and untreated controls, respectively. 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.'® These results suggest that the
nanotopography may lead to increased paracellular transport by activating 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. Extensive work in the literature has demonstrated the
coordinated cross talk between integrin-binding and the junctional complex for the maintenance
of epithelial integrity.?’ To this end, we demonstrated that the FAK mRNA expression was
increased over 16-fold in cells that contacted the nanostructured thin film. This data supports the
observation that tight junction loosening may be triggered by integrin engagement mediated by
FAK. Although our strategy utilizes a physical cue and not a biological peptide sequence, the
mechanical stimulus from the nanostructures may imitate receptor—ligand interactions on the
nano scale. Therefore, our approach offers a novel platform to investigate interactions that may

be related to both physical and biological mechanisms.

This restructuring of the tight junctions to allow for paracellular drug transport is further
supported by the gene expression results for tight junction proteins. There is a significant
decrease in ZO-1 mRNA expression levels compared to the controls, as shown in Figure 11.
Many studies have reported that a correlation exists between a decrease in ZO-1 protein
expression and enhanced paracellular permeability. For example, Tian et. al demonstrated that
stimulation of HK-2 cells with TGF-f resulted in a decrease in ZO-1 protein expression,

indicating tight junction disassembly and a subsequent increase in paracellular permeability.?
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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.??
Therefore, a decrease in ZO-1 gene expression is consistent with tight junction disassembly and

enhanced paracellular permeability.

An increase in the expression of occludin (ocIn) due to the nanostructured surface was also
observed. Ocln is a transmembrane component of tight junctions that regulates paracellular
permeability. Consistent with these results, Wang et. al also observed an increase in protein
expression of ocln and enhanced paracellular permeability when BMECs were treated with
VEGF.Z Our results suggest that the nanostructures are influencing mechanotransduction
pathways to actively remodel the tight junctions and facilitate the 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 h.
This result suggests that the tight junctions recover and that the nanostructure does not illicit
cytotoxic effects. The nanostructures seem to dramatically affect the paracellular pathway by

directly modulating the tight junction proteins.®

We hypothesized that nanotopography increases paracellular transport by remodeling the tight
junctions. Increased expression of FAK and MLCK implicate these signaling molecules play a
role in increased paracellular transport in response to nanotopographical cues. To this end, we
inhibited FAK chemically and examined whether there was still a decrease in TEER and
therefore an increase in paracellular permeability. If FAK was indeed required for
nanotopography-mediated transport, we would expect to see no decrease in TEER. As observed

in figure 12, b there was a decrease in TEER with the inhibitor and no statistically significant
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difference in TEER between cells in contact with nanotopography with and without inhibition.
Therefore, FAK signaling is not required for this increase in paracellular permeability. However,
FAK at the start of the proposed signaling pathway, and it is possible that there are redundant or

compensatory signaling.
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Figure 12

Transepithelial electrical resistance fold change (a) of cells alone (blue diamonds), in contact
with unimprinted polypropylene film (flat, gray triangles), or P(1.5) nanostructured film (film,
orange squares). Cells in contact with P(1.5) has a greater magnitude decrease than cells in
contact with UIPP film. (b) Fold change of TEER with and without FAK inhibitor (inhib)
treatment of cells in contact with either UIPP (flat) or P(1.5) film (film). FAK inhibitor does not

inhibit drop in TEER seen with nanostructure application.

ROCK is a mechanotransduction signaling molecule downstream of focal adhesion formation
and upstream of MLCK contraction of the cytoskeleton.?*2® It plays a role in sensing and
remodeling the cytoskeleton in response to perceived cellular tension and microenvironmental
stiffness.?® It also inhibits myosin phosphatase activity and directly phosphorylates myosin to
contract the cellular cytoskeleton, which is connected to the tight junction via adaptor proteins
such as the zonula occludins. We used an inhibitor of ROCK to investigate whether ROCK
activity is required for increased 150 kDa dextran drug transport across a caco2 monolayer.
Treatment with the ROCK inhibitor modestly decreased drug transport by nanotopography, but
the difference was not statistically significant. This suggests that ROCK signaling could play a
role in remodeling the tight junction as a result of cellular interaction with nanotopography, but
there may be other parallel signaling pathways involved. ROCK has been implicated in being
required for central MLC phosphorylation, while MLCK plays a spatially distinct role
phosphorylating peripheral MLC.?" This may explain why ROCK inhibition has less than
complete effect and warrants investigating the role of MLCK activity in nanotopography

mediated tight junction remodeling.
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Figure 13

(a) 150 kDa dextran (Dex) drug delivery across caco-2 monolayer grown on transwell insert
(cells, blue circles), cells in contact with UIPP (UIPP, gray triangles), and P(1.5) (DN2, dark

blue squares). Difference between cells and UIPP or P(1.5) at 3 hour onward, and between UIPP
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and P(1.5) at 4 hours are statistically significant (p>0.05). (b) 150 kDa dextran diffusion across
caco-2 monolayer treated with ROCK inhibitor (cells+inhib, orange circles), cells treated with
ROCK inhibitor in contact with UIPP (UIPP+inhibi, yellow triangles), and cells treated with
ROCK inhibitor in contact with P(1.5) (DN2+inhib, green squares). ROCK inhibitor has a

modest, but not statistically significant decrease in drug delivery across the caco2 monolayer.
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Chapter 5 - Nanotopography facilitates in vivo transdermal delivery of high

molecular weight therapeutics through an integrin-dependent mechanism.

Abstract

Transdermal delivery of therapeutics is restricted by narrow limitations on size and
hydrophobicity. Nanotopography has been shown to significantly enhance high molecular weight
paracellular transport in vitro. Herein, we demonstrate for the first time that nanotopography
applied to microneedles significantly enhances transdermal delivery of etanercept, a 150 kDalton
therapeutic, in both rats and rabbits. We further show that this effect is mediated by remodeling
of the tight junction proteins initiated via integrin binding to the nanotopography, followed by
phosphorylation of myosin light chain (MLC) and activation of the actomyosin complex, which

in turn increase paracellular permeability.

Skin serves as the critical boundary between the external world and our viscera. The stringency
of the epidermal barrier is reflected by the dearth of transdermally delivered drugs; currently
only 17 drugs have been approved for this delivery route by the Food and Drug Administration
(FDA), and all of these agents fall within a very narrow parameter space (<500 Da in size and
highly lipophilic). The limitations of transdermal technology appear even starker with the
increasingly frequent development of high molecular weight, antibody-based therapeutics, many

of which have promising biologic effects but are hampered by limited delivery options.

Until recently, skin barrier function was thought to be mediated entirely by the outermost stratum
corneum, a defined meshwork of anucleate keratinocytes, lipids, and proteins. However, recent
studies have discovered the presence of the epidermal tight junction (TJ) and multiple TJ

proteins, including occludin, zonula occludins-1 (ZO-1), and in particular claudins, which are
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critical for epidermal barrier function.’® TJ complexes function as the paracellular barrier in
simple epithelial cell types such as gastrointestinal mucosal cells and offer an additional well-
conserved mechanism through which the skin can regulate its permeability.®-** While multiple
technologies have attempted to increase the permeability of the stratum corneum, less emphasis
has been placed on modulation of the skin TJ barrier.1?%® In a recent study, Kam et al.
demonstrated that nanotopography loosens tight junctions in simple epithelia and dramatically
increases transepithelial transport of etanercept, a high molecular weight therapeutic that is used
clinically for rheumatoid arthritis (RA) and severe psoriasis and psoriatic arthritis.X® However,
the extent to which nanotopography loosens tight junctions in more stratified squamous

epithelium such as skin or in vivo is not known.

In this study, we explore nanotopography as a novel strategy to enhance transdermal drug
delivery. In both rat and rabbit animal models, we demonstrate for the first time that the addition
of nanotopography dramatically enhances transdermal delivery of etanercept through microneedle
arrays (MNASs). To explore the molecular mechanisms underlying this phenomenon, we examined
TJ protein expression in cultured human primary multilayered keratinocytes and found that levels
of claudin-1 and claudin-4 are significantly and reversibly reduced with nanotopography. This
phenomenon is conserved in intestinal epithelial Caco-2 cells and furthermore is dependent on
upstream integrin binding and MLC phosphorylation. These findings demonstrate that
nanotopographic surfaces provide a new approach to significantly expand the scope of drugs that
can be administered transdermally, including agents with a size range that includes the emerging

and expanding class of antibody-based therapeutics.
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Figure 1

Nanotopography significantly enhances transdermal delivery of etanercept in vivo (a) Schematic
representation of the transdermal delivery devices used in this study. Progressing from top to
bottom: each device is made of an impermeable backing (tan), drug reservoir (green), rate-
controlling membrane (yellow), and silicon microneedle array (MNA) (grey). Each 290 pm long,
100 um wide microneedle has longitudinal perforations along the side, through which drug flows
out. Drug path is indicated by a green dashed arrow. Perforations are denoted with a white
arrowhead. “Smooth” microneedles were not coated with a film, while *“nanostructured”
microneedles were coated with a nanostructured film. (scale bar represents 300 um). Inset on
furthest right depicts an SEM image of the nanostructures coated onto each microneedle (scale bar
=3 um). (b) Nanostructured MNAs deliver significantly more etanercept transdermally than either

drug reservoir patch alone or unstructured, smooth MNA controls in rats. After 72 hours, the
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nanostructured MNA cumulatively delivered 10.6 times more etanercept (*p<0.01) and achieved
a maximal serum concentration (Cmax) 13.9 times higher (*p<0.01) than the smooth microneedles
(n=4 animals for each category). (c) Nanostructured MNAs deliver significantly more etanercept
transdermally than unstructured, smooth MNA controls in rabbits. After 72 hours, the
nanostructured MNA devices cumulatively delivered 35 times more etanercept (*p<0.01) and
achieved a Cmax 10.2 times higher than smooth MNA controls (*p<0.01) (n=4 animals for each

category)

The effect of nanotopography on microneedle-based transdermal delivery of etanercept was
assessed in vivo in both rabbits and rats. Transdermal devices consisting of two different
permeability enhancing components were fabricated. The first component was a 25 mm by 25 mm
array of microneedles, (Figure 1a). Each microneedle on this array was 290 um in length and 100
um wide, with a pitch of 400 um; drug flowed out of each microneedle via longitudinal grooves
along its sides. The second component was a polymeric film with nanostructures imprinted onto
its surface (Figure 1a—inset). This film was draped over the microneedle array (MNA), effectively
giving each needle a nanostructured coating. Depth of penetration of the MNAs was assessed in
rats by soaking the skin samples in methylene blue following application of the MNA. The skin
was then cryosectioned, and the depth of dye penetration was measured for each point in the array.
Average depth of penetration in rat skin was 58 microns, placing the needles at the epidermal-

dermal junction’ (Figure S1).
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Figure S1

Microneedle penetration in rat skin. (a) The depth of MNA penetration ranged from 30 to 120
microns. Average depth of penetration in rat skin was 58 microns. (b) Depth of penetration of the
MNAs was assessed in rats by soaking the skin samples in methylene blue following application
of the MNA. The skin was then cryosectioned, and the depth of dye penetration was measured for

each point in the array.

For drug delivery characterization, 12.5 mg of etanercept (0.25 mL at 50 mg/mL) was
administered transdermally to rats, or 1.85 mg was administered to rabbits through one of three
devices: the drug reservoir alone; an MNA array with no nanostructured coating (“smooth”) ; or
an MNA array coated with nanostructured film (Figure 1b and c). The serum concentration of
etanercept via each delivery route was then measured over 72 hours. After 72 hours in rats, the
nanostructured MNA cumulatively delivered 10.6 times more etanercept (p<0.01) and achieved a
maximal serum concentration (Cmax) 13.9 times higher (p<0.01) than the unstructured, smooth
microneedles. In rabbits, the nanostructured MNA devices cumulatively delivered 35 times more
etanercept (p<0.01) and achieved a Cmax 10.2 times higher than unstructured, smooth MNA
controls (p<0.01). Regarding the kinetics of drug delivery, the time to maximal serum

concentration (Tmax) in rabbits was equivalent between nanostructured and smooth MNAs, while
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in rats, the Tmax Was shorter for the nanostructured MNAs (30 hours) than with the smooth MNAs
(42 hours). Examination of the skin following application of the devices showed minimal

erythema and inflammation after 72 hours (Figure S2).
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Nanotopography leads to reversible downregulation of claudin-1 and 4 expression in cultured

human keratinocytes. (a-b) Day 8 primary human keratinocytes showed marked diminishment in
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claudin-1 and 4 expression after 24 hour incubation with nanotopography, compared to controls
that were exposed to no device or to unstructured, flat films. Claudin-1 was decreased by 58%
with polyether ether ketone (PEEK)-based nanostructured films (NS PEEK) and by 36% with
polypropylene-based nanostructured films (NS PP), relative to no device controls (**p<0.01).
Claudin-4 was decreased by 49% with PEEK nanostructured films and by 39% with polypropylene
nanostructured films, relative to no device controls (**p<0.01). Exposure to unstructured, flat
films (Flat PP) had no effect on claudin-1 or 4 expression relative to no device controls (scale bar
= 10 um). Fluorescence intensity was normalized by area. (c-d) 24 hours following removal of
nanotopography, the decrease in claudin-1 and 4 expression was reversed, and there was no
statistically significant difference between nanotopography-treated keratinocytes (NS PP and NS

PEEK) versus no device or unstructured, flat controls (scale bar = 10 um).

To explore the molecular mechanisms through which nanotopography increases epidermal
permeability, we directly exposed primary human cultured keratinocytes to the nanostructured
coating. This culture system forms stratified layers and tight junctions that recapitulate skin
development in vivo!. Keratinocytes were allowed to develop to day 8, at which point they develop
only a minimal stratum corneum layer. We elected this time point in order to provide a
differentiated cell system that still enables maximal contact of the nanostructured film to the
epidermal TJs, which lie beneath the stratum corneum layer of skin. After 24 hours of exposure to
the nanotopography, keratinocytes showed marked downregulation of the TJ proteins claudins-1
and 4, compared to control keratinocytes that were either unexposed or placed in contact with
unstructured, flat control film of the same material (p<0.01) (Figure 2a and b).

To assess whether this effect on claudins was reversible, we removed nanotopography for 24

hours after exposure and again assessed for claudin-1 and 4 protein expression. After removal of
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the device, claudin-1 and 4 levels were equivalent in keratinocytes alone, keratinocytes exposed
to unstructured control films, and keratinocytes exposed to nanotopography, suggesting that

alterations in TJ morphology by nanotopography are reversible (Figure 2c and d).
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Nanotopography-induced disruption of TJ structure is conserved among different epithelia. (a-b)
In Caco-2 cells, nanostructured films (NS) induce decreased expression of claudin-1 and 4 at cell
borders, relative to controls exposed to no film or to unstructured, flat film (Flat). Claudin-1 was
decreased 50% compared to no film control and 73% compared to the flat film control (**p<0.01).
Claudin-4 was decreased 76% and 66% compared with the no film or flat film controls respectively
(**p<0.01). Occludin immunostaining reveals a ruffled pattern when Caco-2 cells are in contact
with the nanostructured film, in contrast to the stereotypical cobblestone pattern in control cells
exposed to no film or unstructured, flat film (scale bar = 20 pm). Occludin ruffling, as measured
by cell perimeter, was increased with nanotopography by 87% over cells alone and 118% over flat
(**p<0.01). Fluorescence intensity was normalized by number of cells. (c) TEM imaging of the
tight junction (TJ) (solid black arrow), adherens junction (AJ) (dashed black arrow), and
desmosome (solid white arrow). Cells exposed to unstructured, flat films (Flat) show a partial loss
of electron density in the TJ and AJ, relative to no film controls. Cells exposed to nanostructured
films (NS) show near complete loss of electron density in the TJ and AJ, as well as partial loss in

the underlying desmosome, relative to no film controls (scale bar = 200 nm).

To explore whether down regulation of claudins in keratinocytes is a robust and well-conserved
mechanism, we performed analogous experiments in Caco-2 epithelial cells cultured on transwell
permeable supports. Cells were either untreated or placed in contact with either an unstructured
control film or a nanostructured film. Similar to keratinocytes, staining for claudins-1 and 4 in
Caco-2 cells showed reduced localization at cell-cell junctions when cells were in contact with the
nanostructures, in comparison to either the cells alone or cells in contact with an unstructured film,

with claudin-1 being reduced by the greatest extent (Figure 3a). In contrast to claudins-1 and 4,
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immunostaining of the TJ protein occludin was preserved. However, instead of the stereotypical
cobblestone pattern demonstrated by the control cells, occludin staining demonstrated a ruffled
pattern when cells were exposed to nanostructured films, a pattern which has previously been
reported with disruption of other TJ proteins such as ZO-1° (Figure 3a).

To further explore the structural effect of nanotopography on TJ’s, we characterized TJ structure
in Caco-2 cells by transmission electron microscopy (TEM) (Figure 3c). Cells in contact with no
film showed canonical cellular junction morphology, consisting of an apically located electron-
dense TJ and a subjacent adherens junction (AJ) and desmosome. Cells in contact with the
unstructured, flat film showed partially decreased electron density in both the TJ and AJ, as well
as blurring of the boundaries between these two types of junctions. In cells treated with
nanostructured film, the electron density of both the TJ and AJ were completely abrogated,
suggesting significant loss of proteins and cytoskeleton within these complexes in response to
nanotopography. In addition, there is loss of intermediate filaments near the desmosome with
nanotopography. These data collectively demonstrate that nanotopography induces dramatic
remodeling and diminishment of epithelial TJs, as well as other cell-cell adhesions.

To explain the structural changes in TJs discussed above, we hypothesized that epithelial cell
interaction with nanotopography mediates changes in the actin cytoskeleton underlying TJs. It is
well established that cells can bind to nanotopography*®-2°, typically by recognizing conserved
binding sequences in proteins absorbed onto the biomaterial?*. This protein recognition is most
often mediated by integrins, transmembrane cell surface receptors which serve as a link between
the ECM and the actin cytoskeleton??. Integrin binding triggers a phosphorylation cascade that

recruits and assembles a focal adhesion complex and culminates in phosphorylation and activation
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of myosin®. Activation of myosin, in turn, alters the actin cytoskeleton, which can lead to

increased paracellular permeability?+2°,
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Figure 4

Nanotopography leads to clustering of focal adhesion proteins and activation of myosin light chain.
(a - ¢) In Caco-2 cells, exposure to the nanostructured film (NS) leads to increased staining of
pFAK, vinculin, and pMLC, relative to controls cells exposed to either no film or to flat,
unstructured film (Flat) (scale bar = 20 pum). Nuclear staining is highlighted by DAPI in blue,
while protein immunostaining is highlighted in green. (d-f) pFAK was increased by 112% and
43% compared with the no film or flat film controls respectively (**p<0.01). Vinculin was
increased by 117% and 91% compared with the no film or flat film controls respectively
(**p<0.01). pFAK was increased by 263% and 161% compared with the no film or flat film

controls respectively (**p<0.01).
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Immunofluorescence was used to investigate the effects of nanotopography on focal adhesion
complexes and myosin activation within cells. Cells in contact with the nanostructures showed
increased punctate staining of phosphorylated focal adhesion kinase (pFAK), which is
phosphorylated upon integrin-ligand binding and subsequently recruits other components of the
adhesion complex?® (Figure 4a). Consistent with this increase in pFAK, clustering of vinculin —
another downstream component of the focal adhesion complex — was also increased in response
to nanotopography (Figure 4b). To assess whether these increases in focal adhesion proteins were
associated with myosin activation, immunostaining for phosphorylated myosin light chain was
performed. As with pFAK and vinculin, pMLC clustering was increased exclusively in cells
exposed to the nanostructured films (Figure 4c). These data collectively demonstrate that integrin-
binding to nanotopography induces formation of focal adhesion complexes and activation of

actomyosin contractility.
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Nanotopography-mediated drug delivery and downregulation of TJs requires integrin activation
and phosphorylation of myosin light chain. (a) The integrin-binding RGDS peptide is sufficient to
recapitulate the effect of nanotopography on Caco-2 permeability. As expected, cells exposed to
nanostructured films without RGDS (open diamond) showed decreased transepithelial electrical
resistance (TEER) relative to controls exposed to flat, unstructured film without RGDS (solid
square). The addition of RGDS led to diminishment of TEER in both nanostructured and flat film
groups, abrogating the previous difference observed in the absence of RGDS (n=4). (b) Integrin
function is necessary for nanotopography-mediated drug transport. In the absence of integrin
blockade, nanostructured films (NS) significantly increase transport of FITC-BSA (left panel)
(*p<0.05). In the presence of integrin blockade, this nanotopography-induced increase in BSA
transport is abolished, and there are no differences between the nanotopography and unstructured,
flat film groups. (n=4) (c) Myosin light chain kinase (MLCK) function is necessary for
nanotopography-mediated drug transport. In the absence of MLCK blockade, nanostructured films
(NS) significantly increase transport of FITC-BSA (left panel) (*p<0.05). In the presence of
MLCK blockade, this nanotopography-induced increase in BSA transport is abolished, and there
are no differences between the nanotopography and unstructured, flat film groups. (n=4) (d)
Myosin light chain kinase (MLCK) function is necessary for nanotopography-mediated changes
in TJ structure. ZO-1 immunostaining adopts a ruffled pattern in Caco2 cells exposed to
nanostructured films (NS), indicating a disruption of the TJ complex. After addition of MLCK
inhibitor, this ruffling is abolished, and cells exposed to nanotopography resume the canonical ZO-

1 pattern shown in control cells exposed to either no film or flat, unstructured films.
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To investigate whether integrin engagement with the film and subsequent focal adhesion
complex formation is sufficient for drug transport facilitated by nanotopography, we first treated
cells with RGD peptide, which is the recognition sequence for some integrins and can artificially
induce integrin clustering?’. RGD treatment of the cells was found to fully mimic the drug-
enhancing effects of nanotopography and nullified the previously observed differences in drug
delivery between unstructured and nanostructured films (Figure 5a).

To explore whether integrins were necessary for nanotopography-induced TJ remodeling, we
used antibody blockade to prevent integrin binding and downstream clustering of focal adhesions.
Specifically, integrins alpha V and beta 1 were specifically inhibited because these integrins are
common to the majority of RGD sequence binding integrin pairs?®. As expected, nanotopography
significantly enhanced drug delivery in the absence of integrin blockade. With integrin blockade,
however, this finding was completely abrogated, with no difference in drug transport between the
nanostructured film and the unstructured films (Figure 5b). Therefore, integrin binding appears to
be both sufficient and necessary for nanotopography-mediated enhancement of drug delivery.

To assess whether downstream myosin phosphorylation and activation is also necessary for
nanotopography-induced changes, cells were treated with permeant inhibitor of myosin light chain
kinase (PIK). As with inhibition of integrin clustering, inhibition of myosin phosphorylation
abolished the enhancement of drug delivery by nanotopography (Figure 5c). To investigate
whether myosin phosphorylation was also required for nanotopography-induced changes in TJ
structure, cells were treated with PIK, and TJ morphology was assessed by immunostaining for
Z0O-1. Treatment with PIK abolished the previously observed ruffling pattern of ZO-1 when cells

were placed in contact with the nanostructured film (Figure 5d). Together, the above functional
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studies demonstrate that both integrin and myosin activation are requisite for nanotopography-
mediated remodeling of the epithelial TJ and increase in epithelial permeability.

Materials with controlled nanotopography have recently been explored in the drug delivery field.
Other groups have shown that nanotopography can increase drug delivery via endocytosis?®°. We
have shown previously that a purely topographical cue can significantly increase the transport of
high molecular weight molecules across a simple epithelial monolayer by paracellular transport*®.
In this study, we show for the first time that nanotopography significantly enhances transdermal
delivery of a high molecular weight therapeutic in vivo. To better understand these phenomena,
we have identified a molecular mechanism in which nanotopography binds to cell surface integrins,
induces clustering of focal adhesion proteins and actomyosin activation, and ultimately remodels

components of the tight junction barrier to increase paracellular permeability (Figure 6).
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Figure 6

Nanotopography downregulates epidermal tight junctions via integrin activation and myosin light
chain phosphorylation. Proposed mechanism for nanotopography-mediated enhancement of
transdermal drug delivery: Integrins bind to adsorbed proteins on the nanotopography and induce
downstream clustering of focal adhesion proteins such as pFAK and vinculin. Formation of focal
adhesions, in turn, leads to phosphorylation of myosin light chain and increased myosin
contraction of the actin cytoskeleton. Actin dynamics ultimately remodel and downregulate
proteins at the epidermal tight junction, thereby allowing increased paracellular transport within
the epidermis. By contrast, we propose that the lack of topography on the flat surfaces fails to
induce integrin clustering and the downstream initiation of focal adhesions and actomyosin

activation (right lower image).

What specific characteristics of the nanotopography are driving these effects? Although all of
the nanostructured films we tested in this study effectively remodeled tight junctions, we found
material-dependent differences between PEEK and polypropylene in human multilayered
keratinocytes, with PEEK inducing more downregulation of claudins-1 and 4. As flat controls for
both materials did not induce any changes in tight junctions, this material difference is unlikely to
be due to chemical effects on the keratinocytes. Rather, the discrepancy is more likely attributable
to differences in pliability and stiffness of the material, leading to differences in tension
experienced within the cells. Other variables that could potentially have effects on drug delivery
and be variably tuned include the aspect ratio of the fibers, the pitch between different fibers, and
the surface area of the nanostructures 31, It will be interesting in future studies to systematically

define these parameter windows to maximize the biological effect of nanotopography. In addition
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to varying the parameters of the devices themselves, it would be valuable to explore lower
molecular weight therapeutics as well, in order to delineate the relationship between molecular
weight, topography, and delivery rate.

Although we demonstrated that focal adhesion clustering and myosin activation are necessary
for nanotopography-mediated drug delivery, it would be valuable to explore other mechanisms
that may be acting in parallel with this. In particular, cells that are not in direct contact with the
nanotopography also demonstrate dramatic reductions in tight junction proteins, suggesting that
there is paracellular signaling from upper cells of the stratum granulosum downwards to the lower
skin layers. This indirect effect on cells that are not in contact with the microneedles is further
suggested by our in vivo rabbit data, in which microneedles likely do not penetrate to the lower
epidermis yet still deliver etanercept as effectively as in rats. Interestingly, preliminary mRNA
expression data from our laboratory identify a cellular adhesion/polarity pathway that is
downregulated in response to nanotopography. Key signaling molecules in the establishment of
cell polarity, such as Tiam1, Racl, and aPKC, are all suppressed in Caco-2 cells after exposure to
nanotopography. Such loss of polarity could provide another mechanism through which
nanotopography alters epithelial permeability. For example, nanotopography may be promoting
de-differentiation or trans-differentiation of epithelial cells, similar to what occurs in epithelial to
mesenchymal transition (EMT)3738,

Regarding clinical usage, the impact of transdermally-delivered biologic therapeutics such as
etanercept on rheumatoid arthritis and psoriasis would be significant. Currently, medications
within this family are administrated subcutaneously, intramuscularly, or intravenously, all of
which are inconvenient and painful for the patient. Exchanging this current standard of care with

a longer lasting transdermal device would likely improve patient compliance, as well as offer more
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biologically effective dosing with fewer peaks and troughs and less hepatic metabolism.

Transdermal delivery also opens up the possibility of using biologics for localized, as opposed to

systemic, therapy. For example, local topical agents for psoriasis are currently limited in scope,

comprised primarily of corticosteroids and vitamin D analogues. Being able to deliver small doses

of the appropriate biologic locally to the skin would expand upon this repertoire significantly.
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Appendix 1 — The effect on nanotopography on macrophage polarization and

cytokine production

Introduction

A common issue with medical devices and other implants that put nonnative materials into direct
and prolonged contact with the body is biofouling, inflammation, and fibrosis. Contact of
biomaterials with biological fluid immediately results in the adsorption of proteins onto the
surface of the material. These proteins serve as cellular receptors for interaction and adhesion.!
It is well established that modifying the nanotopography of a surface influences the adsorption of
proteins and other biomolecules.?® Increased surface roughness of poly (methyl methacrylate)
PMMA increased hydrophobicity, which increased protein adsorbtion.? Decreasing the pore size,
45 to 2.2 nm, on silica particles decreased adsorption of bovine serum albumin.® Therefore,
modification of biomaterial surfaces can be a tool to direct cellular interaction and adhesion.
Indeed, surface alteration has been shown to effect the extent of cellular adhesion.?’
Increasing the surface roughness of PMMA increased cellular adhesion of chick embryo vascular
and corneal explant cells, probably due to changes in fibronectin adsorption.? The amount of
protein adsorption paralleled the adherence of human osteoblast-like cells on titanium surfaces of
different roughnesses.® The adherence to and cellular interaction of immune cells such as
macrophages and monocytes with biomaterials influence the immunogenicity of the biomaterial
and could direct the immune response. The ability to direct the surface material inflammatory
response would be a powerful tool. Inflammatory responses would be beneficial for applications
in immunization for instance. A biomaterial that would not necessarily cause an immune
reaction on its own, but that would amplify the immune response of a concurrently administered

antigen would be very beneficial. Particularly, it would be beneficial if the material could
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present the antigen in such a way that could skew immunity towards cell-mediated immunity.14
Certain nanotopographies have been shown to increase the inflammatory response.t>’
Polytetrafluoroethylene materials with increasing intranodal distances showed increased
proinflammatory cytokine production compared to nonporous material.!” Macrophages showed
decreased adhesion and increased proinflammatory cytokine production on nanowires.™® Recent
discoveries in immunology have shown that macrophage activation is more complicated than just
an active versus inactive phenotypes. There are multiple subsets of macrophages that are
differentially activated and serve difference functions.’®!° The most basic division between
macrophage subtypes are M1 or pro-inflammatory and M2 or anti-inflammatory and pro-wound
healing. These different subtypes can be differentiated by differential surface receptor expression
and cytokine production. We investigated the immunogenicity of two different low aspect ratio
nanotopographical patterns of two different materials (Figure 1) by examining cytokine

production and mRNA transcript levels.

3(05 1.4,3.4)

1)

Aspect Ratio = 1.5

102



Figure 1 - Scanning electron microscopy images of nanostructured films. Films are named by
the polymer type (P = polypropylene, S = polystyrene) and the aspect ratio (AR) of the features

(AR = height/width)

Results

Macrophages were cultured on tissue culture plastic (TCPS), unimprinted polystyrene (UIPS),
S(0.5, 1.4, 3.4) (DN(3)), unimprinted polypropylene (UIPP), or P(1.5) (DN2) for 24 or 48 hours.
The amount of cytokine released into the media was measured by a 20-plex luminex assay.
Growth factors measured were FGF-basic and VEGF. Chemokines measured were IP-10, KC,
MCP-1, MIG, and MIP-1 alpha. Cytokines measured were GM-CSF, IFN-gamma, IL-1 alpha,
IL-1 beta, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17, and TNFa. (Figure 2)
Lipopolysaccharide was used as a positive control of inflammation and was significantly higher
than all other conditions, but is not shown here for ease of examining the specific effect of
nanotopopgraphy versus flat film. Interleukin (IL)-1 beta, tumor necrosis factor alpha (TNFa),
macrophage chemotactic protein 1 (MCP-1, CCL2), IL-4, and IL-5 showed reduced levels when
cultured on S(0.5, 1.4, 3.4) as compared to UIPS at 48 hours. This suggests that nanotopography
decreases inflammatory cytokine production, however the magnitude of this decrease is small.
No statistically significant difference was seen between macrophages cultured on P(1.5) versus
UIPP, however overall there was a trend of nanostructures decreasing cytokine production as

compared to the same material but unimprinted.

To determine whether this down regulation in cytokine expression was due to a change in
polarization, macrophage monocytes were cultured on the same surfaces: TCPS, UIPS, S(5),
UIPP, and P(1.5) for 24 hours and the expression of six genes were measured.(Figure 3) IL-1

beta and IL-6 are over expressed in M1 polarized macrophages, while IL-10, arginase 1, TGF
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beta and IGF-1 are upregulated in M2 polarization. M2 polarization can be divided into M2a
(argl, IGF-1, IL-10), M2b (IL-6, IGF-1), and M2c (TGFb, I1L-10).2° There was no statistically
significant difference in expression of these cytokines due to presence of topography. However,
there was a difference in expression based upon the material of the thin film. Both
nanostructured and flat polypropylene films higher levels expression of 11-6, while the other
targets were all reduced in comparison. This suggests a possible wound healing skewing of
macrophage polarization. The polystyrene on the other hand showed high levels of expression of
all targets except TGFb and IGF-1. This suggests the material skews macrophage polarization
towards an M2 phenotype, but does not correspond directly to M2a, M2b or M2c. A caveat of
these results is that the glue used to adhere the films to the TCPS also increased expression of all
targets, though had a lower effect on TGFb and IGF-1. Therefore, the effect seen with the
polystyrene is more striking since it overrides and decreases baseline expression of inflammatory
genes upregulated by the presence of glue. Since the polystyrene films had the same pattern of
expression as the TCPS with glue, further investigation is necessary to determine whether the
effect was due to the presence of glue or due to the material itself. Also, a higher aspect ratio
polystyrene nanostructured film was used (S(5)) in this study. It would be interesting to confirm
whether the cytokine release results seen with S(0.5, 1.4, 3.4) is also reflected by mRNA

expression.
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Figure 2 — Luminex assay measurement of cytokine released (pg/mL) by macrophage monocytes

grown on tissue culture plastic (TCPS), unimprinted polystyrene (UIPS), S(0.5, 1.4, 3.4)

(DN(3)), unimprinted polypropylene (UIPP), or P(1.5) (DN2) for 24 or 48 hours.
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Relative mRNA Transcript Level
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Figure 3 - Macrophage polarization gPCR. Cells were cultured on TCPS (cells), TCPS in the
presence of glue (c+g), S(5), UIPS, P(1.5) or UIPP for 24 hours. mMRNA expression was
measured relative to cells cultured on TCPS for IL-6 (a), IL-1b (b), IL-10 (c), arg-1 (d), IGF-1

(e), and TGFb (f).
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Appendix 2 - Development of a Microneedle-based Transdermal Patch

Vaccine for Schistosomiasis and Vaccine Delivery

Abstract

Nearly 1 billion people are at risk or infected by the blood fluke Schistosoma®? making it the
second most devastating parasitic disease in present day. Schistosomiasis is found primarily in
tropical and sub-tropical poor communities that lack adequate sanitation and clean drinking
water. Current infection control focuses on treatment, but a more effective approach would be
attained through prevention by developing a vaccine2. However, even with the development of
a vaccine, current vaccine technology is based primarily on hollow needle syringes that carry a
risk of blood borne infection® and expensive administration and training costs. The development
of a transdermal patch with nanostructured microneedles would simplify the vaccination process,
reduce risk of infection, and increase patient compliance. Skin acts as barrier that limits the size
of transdermally delivered therapeutics to small molecules*®, but the Desai lab is collaborating
with Kimberly-Clark to develop a patch to overcome with challenge. Our previous research
shows that adding nanostructures to the microneedle surface significantly increases the
permeability of skin to larger molecules, for example in delivering therapeutic levels of
etanercept in the blood of rabbits’. We propose the development of a transdermal microneedle
based vaccine for schistosomiasis with cercarial elastase®° as the antigen. We hypothesize that
the transdermal vaccine would benefit from access to the extensive immune system within the

skin and would target the desired organ and route of infection.

Introduction
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Schistosomiasis is caused by infection from a parasitic worm. Cercaria, the larval form, is
released from a snail host into fresh water. When a cercaria encounters a human, it penetrates
the skin, matures into an adult schistosome, and lives in blood vessels. When cercaria whose
host is not normally human penetrates skin a vigorous immune response, termed ‘swimmers
itch,” prevents the establishment of infection. It is hypothesized that a vaccine target released

during the skin invasion of the parasite would mimic this immunity.

The microneedle device is a patch that can be applied to the skin to deliver a vaccine across the
skin. The needles penetrate through the non-viable epidermis into the viable epidermis, reaching
far enough to deliver the vaccine but stopping short of stimulating pain-causing nerves or
penetrating blood vessels below (Figure 1). Nanostructures (Figure 2) on the surface of these
microneedles significantly increase transdermal transport of large biological molecules (1gG,
etanercept) across tight junction barriers by facilitating the opening of tight junctions between
epithelial cells’. We have previously shown nanostructures allow delivery of large biological
molecules across the skin, and other microneedle patches are being used or developed for
vaccine delivery®®. The development of a microneedle patch for schistosoma vaccine delivery
could be generalized to deliver other large biological molecule vaccines. The development of
either passive or active immunity would be a significant step towards limiting the effects of

schistosomiasis.
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Figure 1 - Schematic of the microneedle patch. The nanostructured thin films are wrapped

around the silicon microneedles to increase transport. Russell Ross, Kimberly-Clark.

Figure 2 - a) P(1.5), polypropylene with an aspect ratio of 1.5, b) P(20), polypropylene with an
aspect ratio of 20, c) S(0.5, 2.5), polystyrene with an aspect ratio of 0.5 and 2.5, d) S(5)

polystyrene with an aspect ratio of 5. Russell Ross, Kimberly-Clark.
Optimization of Microneedle Device Nanostructures

A microneedle based vaccine poses minimal risk of disease transfer and potentially reduces costs
of vaccination campaigns. Additionally, the nanostructures have the potential to modulate the
immune response within the skin'2, as well as the induction of immunological memory*®4. As
a proof-of-concept for the microneedle patch as a vaccine delivery device, a transport study was
performed to determine the feasibility of cercarial elastase delivery across the skin barrier. A

subsequent study to test vaccination efficacy using tetanus toxoid as the model antigen was also
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performed to determine the effect of not including an adjuvant since neither alum nor mineral oil

adjuvants would be compatible with the current device design.

Results

To examine the ability of our nanostructured transdermal patch (NS patch) to deliver a protein-
based vaccine and elicit an immune response, a rat tetanus vaccine model was used. Rats were
randomly assigned to one of four groups: subcutaneous injection with vaccine, subcutaneous
injection without vaccine, NS patch with vaccine or NS patch without vaccine. The vaccine or
carrier was administered at day 0 and then again boosted at day 14. Blood samples were taken at
days 0, 14, 28, and 32 and the level of anti-tetanus 1gG was measured in the serum by ELISA.
Although the subcutaneous injection elicited a more protective immune response as measured by
anti-tetanus 1gG level, the NS patch successfully elicited an immune response capable of
producing antibody (Figure 3). This antibody response is more meaningful in the context that it
was not possible to use an adjuvant with the patch design we had at the time of this experiment
since mineral oil would clog the rate controlling membrane and alum would be too large to
delivery by patch transdermally. Future work would investigate alternative adjuvants and

determine whether the immune response is protective when challenged by the infectious agent.
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Figure 3 — Tetanus toxoid vaccination model in rats — Rats were vaccinated at days 0 and
boosted at day 14 by either subcutaneous injection of tetanus vaccine or nanostructured patch
(NS Patch) delivery of tetanus toxoid without adjuvant. Anti-Tetanus 1gG was measured in the

serum at days 0, 14, 28, and 32 (n=5). * = p>0.05 comparing subcutaneous to NS patch.

We then used the NS patch to deliver ecotin to ex vivo skin of mice as a proof of concept of
vaccination against cercarial elastase. Initially we delivered ecotin into mouse skin and took
samples at 3 and 6 hours post patch application. At 3 hours the device reservoir was observed to
be empty and by western blot the ecotin was found to be predominantly in the phosphate
buffered saline (PBS) on the basal side of the skin at both 3 and 6 hours as measured by western

blot (Figure 4).
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Figure 4 — Ecotin delivery to ex vivo mouse skin using NS patch. The columns are as follows:
ecotin alone (ecotin 15 ug), PBS from under the basal surface of the skin (PBS), skin sample
from below patch (good sample), and skin from outside the patch (bad sample) at 3 hours and 6

hours post device application.

To try and find the time when the ecotin is still in the skin, we shortened time the device was in
contact with the skin. We sampled the skin at 30 minutes and 1 hour post device application.

Similarly, we found the ecotin only in the PBS basal to the skin (Figure 5).

122



Figure 5 — Ecotin delivery to ex vivo mouse skin using NS patch. The columns are as follows:
ecotin alone (ecotin 15 ug), PBS from under the basal surface of the skin (PBS), skin sample
from below patch (good sample), and skin from outside the patch (bad sample) at 30 minutes and

1 hour post device application.

Even with shorter time points we were unable to find ecotin in the skin. Therefore, we further
shortened the time points and modified our protocol. First, we did not put PBS below the skin
during the experiment, in case the liquid drew the ecotin through the skin too quickly. Second,
we performed the western blot on a skin sample that was not digested additionally with
collagenase, in the case that the collagenase was breaking down the his-tag used to identify the
ecotin. As seen with previous experiments, ecotin was only found to be present in the basal side
of the skin (figure 6), suggesting that delivery of ecotin through the skin happens in a time period

faster than 15 minutes.
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Figure 6 - Ecotin delivery to ex vivo mouse skin using NS patch. The columns are as follows:
ecotin alone (ecotin 1 ug), liquid sample from under the basal surface of the skin (liquid where
skin washed), skin sample physically disrupted (skin), and skin digested by collagenase (skin +

collagen.) at 15 minutes and 30 minutes post device application.

We performed an in vivo proof of concept study, delivering ecotin to the skin of mice using the
NS patch then challenging the skin under the device with cercaria. One group of mice was
sacrificed after one day and the number of cercaria in the skin was counted. The second group of
mice were sacrificed at a later time point and the number of eggs in the small intestines was
counted. The number of cercaria in the skin and the number of eggs in the intestines were both

decreased by ecotin delivery to the skin, but the protection was incomplete (data not shown).
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Appendix 3 - Controlling Attachment and Detachment of Cell Sheets on a

Thermally-Responsive Polymer Surface

Abstract

Cell sheet fabrication (CSF) is a technique whereby a confluent layer of cells can be easily
released through a temperature “switch.” CSF has major applications in tissue reconstruction
and regenerative medicine. One example of a clinical application of CSF is in myocardial
infarctions. In the U.S. alone there are about 1.5 million cases of myocardial infarctions per year.
The infracted area forms scar tissue that doesn’t contract and is not electrically active, so the
pumping function of the heart is compromised. Potentially, the ability to implant cell sheets over
the area of infraction will restore some function to the area in human patients, as has already
been demonstrated in animal models. However, there is a lack of general applicability of CSF to
multiple cell types. This project’s aim was to better understand the mechanism of cell
attachment and detachment in order to enable this technique to be more broadly applied.
Understanding the determining factors of the success of CSF would be one step towards being
able to not only broaden the understanding and applications of this technique, but also bring it

closer to more human clinical applications.
Introduction

A common material that is used for CSF is the thermoresponsive polymer poly-(N-
isopropylacrylamide) (pNIPAM). pNIPAM undergoes a phase change within a physiological
temperature range (Figure 1). At temperatures higher than its lower critical solution temperature
(LCST), of around 32°C, pNIPAM is relatively hydrophobic and takes on a globular

conformation, allowing cell adherence. Below that temperature, pNIPAM is hydrophilic and
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hydrated, releasing adherent protein and cells (Figure 2). Four different methods, UV
irradiation, electron beam irradiation (EB), surface initiated polymerization, and plasma-
polymerization, can be used to successfully prepare pNIPAM grafted thermoresponsive surfaces.
EB irradiation easily grafts a uniformly spread pNIPAM monomer layer onto tissue culture
polystyrene (TCPS), and therefore will be used in our applications. Cells can be seeded onto the
polymer grafted surface at 37°C. Once confluent, the cells can spontaneously detach as a

biologically active and functional cell sheet by lowering the temperature to 20°C, below the

LR TR /CH\
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LCST of pNIPAM. Therefore, an intact cell sheet is obtained, without using physical scraping or
harsh chemical treatments, such as trypsin, that can damage the cells or disturb the extracellular

matrix (ECM) (Figure 3).

Figure 1 — pNIPAM conformation below LCST (hydrated) and above LCST (globular), and

chemical structure. © 2011 Society For Biomaterials

The success of the CSF technique is dependent on successful cell attachment to and detachment
from the polymer. There are differences in cell behavior on pNIPAM coated surfaces between
different cell types and species. Our proposal investigates why only certain cell types can be
used for CSF. Most current methods for controlling cell attachment and detachment focus on

physical properties of the surfaces or media conditions. The exact mechanism of cell detachment
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is not fully understood. It is proposed that detachment is a two step process, requiring both
passive hydration of the pNIPAM chains during initial detachment and active cell processes for
the second step. The second, or active, phase requires ATP generation, tyrosine phosphorylation
activity, and preserved cytoskeletal dynamics. Understanding the scientific mechanisms of how
different cell types adhere to pNIPAM has tremendous impact on the general applicability of

CSF to multiple cell types.
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Figure 2 — pNIPAM repels cells below LCST. Fukumori K., Akiyama Y., Kumashiro Y., etal.

2010.
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Figure 3 — Below the LCST of pNIPAM, a cell sheet grown on the surface is released with its
ECM in tact, versus harsh enzymatic treatments where cells are dissociated from one another as

well as from the surface. Kumashiro Y., Yamato M, Okano T. 2010
Results

To optimize culturing conditions for keratinocyte cell sheets, we examined the effect of both
culture medium and surface coating for keratinocyte outgrown from the primary tissue sample.
All three coatings resulted in keratinocyte outgrowth and culture on petri dishes, as measured by
number of cells. However, cellular viability was the least on poly-lysine coated TCPS. Although
all surface treatments showed successful outgrowth, the culture medium was critical for cellular
proliferation. Keratinocyte culture medium was the only medium that successfully supported
keratinocyte outgrowth, since primary tissue samples cultured in keratinocyte growth medium

showed little to no cell outgrowth. Fibroblast culture was least successful on poly-lysine coated
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KCM

KGM

TCPS, suggesting that poly-lysine coating would be a possible way to select for keratinocyte
over fibroblast growth since poly-lysine coating preserved the number of keratinocytes, which
fibroblast growth was decreased 2 fold. These results suggest that adsorbing either collagen 1 or
poly-lysine to the pNIPAM surface may increase the success of forming keratinocyte cell sheets
with the added benefit of keeping fibroblast growth minimized.

Normal Petri Dish Collagen 1 coated Poly-Lysine Coated

Figure 4 — Keratinocyte explant culturing comparing surface coating of the dish with nothing
(normal petri dish), collagen 1 coated, and poly-lysine coated. Cells were cultured in either

keratinocyte culture medium or keratinocyte growth medium.

Normal Petri Dish Collagen 1 coated Poly-Lysine Coated
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Cell Keratinocyte 97.6% 93.75% 83.4%

Viability

Fibroblast 99.8% 98.5% 98.7%

CellssmL  Keratinocyte 8.2x10°  4.8x10° 7.8x10°

Fibroblast 2.6x10°  1.34x10°  1.15x10°

Table 1 — Explant culture viability and proliferation

To examine whether protein adhesion and adsorption to the pNIPAM inserts affected successful
cell sheet growth and isolation, we compared the surface of the insert with and without culture
proteins from fetal bovine serum in the culture medium and compared it the inserts post cell
sheet recovery. Keratinocyte cell sheets are more difficult to isolate since the sheet does not
release cleanly when the temperature is lowered, as appreciated by the ragged edges post
isolation.(Figure 6, b) This is in comparison with more easily isolated cells sheets such as oral

mucosal cell sheets (Figure 6, a).
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Figure 6 — a) Rat oral mucosa cell sheet grown in KCM (12 days) b) rat keratinocyte cell sheet

grown in KCM with 3T3 feeder cells (13 days)

Keratinocyte cell sheets were isolated with and without the addition of an E cadherin antibody to
block basolateral E cadherin.(Fukuyama & Shimizu, 1991) The surfaces of the pNIPAM inserts
were then examined by atomic force microscopy (AFM) and x-ray photoelectron spectroscopy
(XPS) (data not shown) for differences to identify adsorbed proteins common for successful cell
sheet detachment. AFM imaging shows that the range of heights are similar between conditions
(Figures 8, 10, 12) However, the phase data from the AFM show differences between
conditions, suggesting that the proteins adsorbed to the inserts and therefore the surfaces that
present to cells are indeed different (Figures 9, 11, 13). Further work up of this data and the raw
XPS data is needed to determine possible protein based differences that might determine
successful cell sheet detachment. These results could be used to identify proteins that could be
functionalized to the polymer surface to either block cellular interaction or increase adhesion

resulting in increased ease of working with difficult cell types.

Cellular surface receptors for extracellular matrix proteins are possibly another determining

factor of ease of cell sheet isolation. Differential expression of integrins, which are a class of
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cell surface receptors that bind to conserved motifs presented by extra cellular matrix proteins,
may be predictive. The integrin expression profile of four different cell types ranging from easy
to isolate cell sheets, oral mucosal cells, to difficult to isolate, fibroblast, was determine by gPCR
of multiple integrins of both alpha and beta subtypes (Figure 7). Noting the similarity of integrin
expression by keratinocyte culture with a feeder cells to fibroblast cells suggest that culture with
feeder cells may create a cell sheet that is easier to harvest since keratinocytes cultured without
feeder cells is more similar to oral mucosal cells. This work could be expanded to examine other
culturing techniques effect on integrin expression, and expanded to investigate further cell

surface receptors.
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Figure 7 — Cell Sheet Intergrin Expression - gPCR of rat primary oral mucosal epithelial cells
(oral muc epi) in yellow, keratinocyte with 3t3 feeder cells (KC w/ Feeder) in blue, keratinocytes
without feeder 3T3 cells (KC wi/o feeder) in orange, and fibroblast (fb) cell sheets in gray.

Expression of integrins a-1,3,5,6,9 and B-1,3,4,5,6 was measured.
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Control +KCM-FBS +KCM+FBS After CS recovery CS recovery w/ab
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Figure 8 — AFM height measurement in 5 um area of inserts made of polyethylene terephthalate
(PET) or pNIPAAmM. These inserts were untreated (control), treated with KCM without FBS
(+KCM-FBYS), treated with KCM with FBS (+KCM+FBS), after cell sheet recovery (after CS

recovery) or after cell sheet recovery in the presence of E-cad antibody (CS recovery w/ ab).

Control +KCM-FBS +KCM+FBS After CS recovery CS recovery w/ab
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Figure 9 — AFM phase measurement in 5 um area of inserts made of polyethylene terephthalate
(PET) or pNIPAAmM. These inserts were untreated (control), treated with KCM without FBS
(+KCM-FBYS), treated with KCM with FBS (+KCM+FBS), after cell sheet recovery (after CS

recovery) or after cell sheet recovery in the presence of E-cad antibody (CS recovery w/ ab).
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Figure 10 — AFM height measurement in 3 um area of inserts made of polyethylene terephthalate
(PET) or pNIPAAmM. These inserts were untreated (control), treated with KCM without FBS
(+KCM-FBYS), treated with KCM with FBS (+KCM+FBS), after cell sheet recovery (after CS

recovery) or after cell sheet recovery in the presence of E-cad antibody (CS recovery w/ ab).
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Figure 11 — AFM phase measurement in 3 um area of inserts made of polyethylene terephthalate
(PET) or pNIPAAmM. These inserts were untreated (control), treated with KCM without FBS
(+KCM-FBYS), treated with KCM with FBS (+KCM+FBS), after cell sheet recovery (after CS

recovery) or after cell sheet recovery in the presence of E-cad antibody (CS recovery w/ ab).
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Figure 12 — AFM height measurement in 1 um area of inserts made of polyethylene terephthalate

(PET) or pNIPAAmM. These inserts were untreated (control), treated with KCM without FBS
(+KCM-FBYS), treated with KCM with FBS (+KCM+FBS), after cell sheet recovery (after CS

recovery) or after cell sheet recovery in the presence of E-cad antibody (CS recovery w/ ab).
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Figure 13 — AFM phase measurement in 1 um area of inserts made of polyethylene terephthalate
(PET) or pNIPAAmM. These inserts were untreated (control), treated with KCM without FBS
(+KCM-FBYS), treated with KCM with FBS (+KCM+FBS), after cell sheet recovery (after CS

recovery) or after cell sheet recovery in the presence of E-cad antibody (CS recovery w/ ab).
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