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ABSTRACT

This thesis research focused on biological applications of ultra-thin weak polyelectrolyte
multilayers with specific emphasis on cell patterning, drug delivery, and antibacterial coatings.
All of these very different applications were studied using three different polymers — polyacrylic
acid (PAA), poly(allylamine hydrochloride) (PAH), polyacrylamide (PAAm).

The first part of this thesis focuses on patterning polyelectrolyte multilayers found to
resist mammalian cell adhesion, with ligands that promote specific interactions for adhesion. It
was found that by patterning PAH on polyelectrolyte multilayers, the patterned functional group
density and thickness could be tuned through ink pH adjustment. By changing the surface
density of amine groups in the PAH patterns, the ligand density could also be altered using
specific chemistry to attach peptides containing the tri-peptide sequence, RGD, which is known
to promote cell adhesion in a number of cell types. The RGD density in the patterned regions
determined the number of cells attached and the amount of cytoskeletal protein organization.

The second part is an evaluation of porous polyelectrolyte multilayers as a delivery
system for controlled release of small molecule drugs. The loading and releasing properties of
porous PAH/PA A multilayers were investigated using the two drugs, ketoprofen and
cytochalasin D. It was determined that the amount of drug released was proportional to the
number of porous layers. Nanoporous films showed zero-order release, whereas microporous
films displayed Fickian diffusion. The efficacy of the released drugs was checked by monitoring
the effect of released cytochalasin D on fibroblasts’ division.

In the final part of this thesis, the antibacterial properties of both silver-loaded
polyelectrolyte multilayers and superhydrophobic multilayers are examined. It was found that
silver loaded multilayers killed bacteria to an extent greater than 99.99% for both airborne and
waterborne models. Superhydrophobic films showed excellent anti-fouling properties for
proteins, mammalian cells, and bacteria.

Thesis Supervisors: Paula T. Hammond, Associate Professor of Chemical Engineering
Michael F. Rubner, TDK Professor of Polymer Materials Science and
Engineering
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Chapter 1  Introduction

1.1. Introductory Remarks

Polyelectrolyte multilayers have become a very highly studied class of materials over the
past decade. This chapter serves to introduce important concepts about these thin polymer films
before delving into the applications explored in this thesis. First, an overview of layer-by-layer
polyelectrolyte multilayers will be presented, which will focus on the development of the
research area and important concepts in the field. Second, the importance of a subset of these
materials, weak polyelectrolyte multilayers, will be examined. Particular interest will be paid to
the effect of assembly pH along with applications of these films, especially the use of
polyelectrolyte multilayers as biomaterials. The emphasis of this discussion will be on relevant
background information for the applications discussed in later chapters of this thesis. Finally, the
objectives and outline of this thesis will be presented. In addition to this background section,
each chapter has its own introduction that will give a more specific background to the specific

subject matter of the chapter.

1.2. General Introduction

1.2.1. Layer-by-Layer Polyelectrolyte Multilayers

Since polyelectrolyte multilayers were first introduced by Decher et al. over a decade

ago" %, the amount of interest paid to these ultra-thin polymer films has grown exponentially.
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The major reasons for this interest are their ease of processing, variety of materials which can be
incorporated into their assembly, and the versatility of the technique. Polyelectrolyte multilayers
are assembled using a layer-by-layer assembly process that is shown graphically in Figure 1-1.
In a typical process, a substrate is dipped into the first polyelectrolyte solution for a long enough
time to allow the polyelectrolyte to adsorb to the surface. After rinsing off loosely bound
polymer, the substrate is then dipped into a polyelectrolyte solution of opposite charge. This
second polyelectrolyte adsorbs to the surface due to electrostatic attraction and actually
overcompensates for the surface charge® resulting in a reversal of the surface charge. The
process is repeated until the desired number of layers is deposited. Each step results in a reversal
of surface charge allowing the next layer to be deposited. The multilayers can be applied using
any method that allows the polyelectrolyte solution to come into contact with the substrate, with

the most common methods including dip-coating’, deposition on colloids*, or spin-coating™ ®.
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Figure 1-1. Assembly process for layer-by-layer polyelectrolyte multilayer films formed by
alternately dipping a substrate in a polycation and a polyanion solution.

In addition to model polyelectrolytes, many different materials can be incorporated into

11, 12

polyelectrolyte multilayers including proteins’, DNA®, dyes® '°, light emitting polymers'" '%, and

inorganics'> *. Also, the buildup of these thin films is not limited to electrostatic interactions.

15'18, van der Waals forcesw, and biomolecular interactions®® have been

Hydrogen bonding
explored as well. Hydrogen-bonded multilayers will be discussed in detail in a later section due
to their relevance to this thesis.

Polyelectrolyte multilayer assembly compared to other self-assembly techniques such as
self-assembled monolayers (SAMs) or Langmuir-Blodgett films is much more versatile. Besides
the variety of materials that can be incorporated into the films, a wide range of substrates can be

employed including polymers, metals, and glass. With other techniques, the substrate is often

limited to a specific surface that interacts with the deposited molecules. An example of this is

12



thiol-containing SAMs that require a gold surface for deposition. In addition, polyelectrolyte
multilayers are not limited to simple changes in the surface properties of the material. The

interior of the films can be used for many different applications as well including their use as

21,22 11,12

nanoreactors and light emitting devices

1.2.2. pH Tunable Weak Polyelectrolyte Multilayers

Polyelectrolyte multilayers made from weak polyelectrolytes have the advantage that
their properties can be tuned by simple pH adjustments. For this reason, the pH of weak
polyelectrolyte solutions is an extremely important parameter when assembling the films.
Unlike strong polyelectrolytes, which remain charged over the entire pH range, the degree of
ionization of weak polyelectrolytes depends greatly on solution pH. The Henderson-Hasselbach
equation modified to account for polye:lectrolytes23 explains the relationship between these two

variables:
pH = pK, + logIﬁ—- +0.434[AFe(cx,Cs)/ RT] (1.1)
-a

where pKj is the intrinsic ionization constant, o is the degree of ionization, AFe is the extra work
required to add or remove a proton due to neighboring charge groups, Cs is the ionic strength of
the solution, R is the gas constant, and T is temperature. The Rubner group has shown that the
incremental thickness of adsorbed weak polyelectrolyte layers changes greatly with the degree of
ionization®* %, These thickness differences affect the bulk and surface characteristics of the
film. Shiratori et al. produced a matrix of polyelectrolyte multilayer films using two model weak
polyelectrolytes, poly(allylamine hydrochloride) (PAH) and polyacrylic acid (PAA). Figure 1-2
shows their chemical structures. PAH is a weak polycation in which the charge density along the

polymer chain decreases as the solution pH increases. PAA, a weak polyanion, increases in
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charge density as the solution pH increases. The solution pKa (pH where 50% of
polyelectrolyte’s repeat units are charged) of PAH is approximately 8.82%2%, and the solution pKa
for PAA is approximately 6.5°" %%, The pKa’s of both PAA and PAH can change when

incorporated into polyelectrolyte multilayers®’.

(@) (b)
h n

_.CO-H+
NH+ CI- o

Figure 1-2. Chemical structures of the weak polyelectrolytes, (a) PAH and (b) PAA.

Films studied by Shiratori et al in the PAH/PAA pH matrix displayed a variety of
morphologies. Three multilayer systems with very different properties in this matrix are the
6.5/6.5 PAH/PAA, 7.5/3.5 PAH/PAA, and 2.5/2.5 PAH/PAA films. This notation refers to the
pH of the polyanion and polycation solutions during multilayer assembly. In the 6.5/6.5
PAH/PAA system, both polymers are considered fully charged and form thin layers (~3 A)* that
are tightly electrostatically stitched together with very few free acid or amine groups left in the
film. In contrast, the 7.5/3.5 PAH/PAA films are very thick with a great deal of polymer loops
and tails. This can be explained by the fact that at a pH of 3.5, the PAA is not fully charged and
therefore, does not lay flat on the underlying PAH surface. However, due the high pH of the
PAH solution, the PAA charges up in the next layering step and a large amount of PAH is
attracted to the surface to compensate. The resulting films not only have a high thickness per
layer, but have a surface rich in the polyelectrolyte last deposited. This is different from the

2.5/2.5 PAH/PAA multilayers where both solutions are kept at a low pH. This film still contains

14



a thick layer of PAA for the same reason as the 7.5/3.5 PAH/PAA system; however, a smaller
amount PAH is attracted to the film surface during assembly since most of the acid groups in
PAA are protonated at pH 2.5. The 2.5/2.5 PAH/PAA multilayers contain an abundance of free
acid groups throughout the film for this reason. It should be noted that although we talk about
layers of polyelectrolytes, the resulting films are very interpenetrated, and distinct layers are not

present. Our group has used various PAH/PAA multilayers in this matrix to selectively adsorb

30,31 34
b

block copolymers®, create porous films>® *', plate nickel®?, deliver drugs®, resist cell adhesion

pattern polymers™’, and make superhydrophobic surfaces™.

1.2.3. Polyelectrolyte Multilayers as Biomaterials

Due to the types of materials that can be incorporated into polyelectrolyte multilayer
films, the environmentally friendly assembly conditions, and their biocompatibility, these films
make excellent candidates as biomaterials. Biologically relevant materials such as proteins’,
DNA?, polysaccharides®”, hormones®, and enzymf:s39 have been incorporated into multilayers.

In addition, polyelectrolyte multilayers have been investigated in the areas of biosensors*, drug

39, 41-46 34, 38,4749

delivery , and surfaces for controlled cell interactions

Many research groups have studied polyelectrolyte multilayers as biomaterials. The
Schaaf and Voegel research groups have studied protein interactions with multilayers>, the
mechanism of polypeptide multilayer assembly’’, cell interactions with multilayer surfaces®® >,
and bioactive coatings from protein functionalization®>. Work from the groups of Mohwald and
Caruso has moved away from flat substrates and focused on using polyelectrolyte multilayer

41, 54

capsules templated on colloids for drug delivery and encapsulation of enzymes®.

Multilayers have been shown to possess antimicrobial properties when they contain silver
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nanoparticles® or are capped with poly(ethylene glycol)®®. Others have looked at multilayers as
coatings for specific biomedical applications such as stents or other cardiovascular devices that

58

prevent thrombosis®”* *®, materials to repair blood vessels*®, and long-term implantable devices in

60, 61

the central nervous system For cardiovascular devices, polyelectrolyte multilayers can

interact with blood cells to either reduce or increase coagulation*®

, Or can actually be
templated onto platelets®. Besides the use of only organic species, polyelectrolyte multilayer
research has also utilized inorganic species that can be incorporated and used as biomaterials®*
65

This thesis research is different from previous multilayer biomaterial work, because it
takes advantage of tunable weak polyelectrolytes. In the past few years, the Rubner group has
explored the use of weak polyelectrolyte multilayers as cell resistant and cell adherent surfaces®*

49 Mendelsohn et al. found that assembling weak polyelectrolytes under certain conditions led

ol Furthermore, these ultra-thin films could be

to films that completely resisted cell adhesion
engineered to either support or resist cell adhesion by simply changing the pH of assembly
solutions. This phenomenon was found to relate to the swelling of the films in buffered media.
The cell adhesion assay results did not correlate well with hydrophilicity, surface charge, or
chemical functionality since all of the films were hydrophilic and contained the same polymers.
In addition, the results were independent of which polyelectrolyte was left as the top layer. The
2.0/2.0 PAH/PAA multilayers, which resisted the attachment of fibroblasts, swelled nearly
300%. In contrast, the 6.5/6.5 PAH/PAA multilayers swelled approximately 25%, and
fibroblasts grew on them in numbers similar to control samples of tissue culture polystyrene

(TCPS). In addition to PAH/PAA films, Yang et al. found that polyelectrolyte multilayers

composed of PAA and polyacrylamide (PAAm) that also swelled to a high degree in buffer were
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inert to cell adhesion®. Typical results of cell adhesion experiments on the PAH/PAA
multilayers, 3.0/3.0 PAA/PAAm multilayers, and a TCPS control are shown in Figure 1-3. As
can be seen in the figure, cell growth was dramatically affected by multilayer assembly

conditions.

Figure 1-3. NR6WT fibroblasts after three days seeded at 10 000 cells/cm? onto (a) a6.5/6.5
PAH/PAA multilayer, (b) a 4.0/4.0 PAH/PAA multilayer, (c) a 2.0/2.0 PAH/PAA multilayer, (d)
a TCPS control and (€) a 3.0/3.0 PAA/PAAm multilayer (scale bar = 200 um).

The Rubner and van Vliet groups recently studied various PAH/PAA films using a
nanoindentation technique to better quantify the mechanical properties of PAH/PAA multilayers
in buffer solution and understand their interactions with mammalian cells®. It was found that the
modulus of the films increased by orders of magnitude as the assembly pH increased, and this
correlated with growth of human microvascular endothelial cells as well as Mendelsohn’s
previous fibroblast results. Figure 1-4 shows that the stiffer films supported cell adhesion,

whereas, the more compliant films did not. The fact that nanoscale polyelectrolyte multilayers
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can change the chemical and mechanical nature of the surface enough to drastically influence

cell behavior is the basis for later chapters of this thesis.
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Figure 1-4. Graphs comparing (a) elastic modulus and (b) cell counts for human microvascular
endothelial cells. The modulus was obtained using a nanoindentation technique, and cell counts
were preformed seven days post-seeding. The black bars represent data from films with PAA as
the outermost layer, and gray bars represent data from films with PAH as the outermost layer.
Adapted from work of Thompson et al®.

1.2.4. Patternability of Polyelectrolyte Multilayers

Many of the biological applications that will be discussed in later chapters utilize
patterned multilayers. These thin films can be patterned using a variety of methods including
polymer-on-polymer stamping (POPS) 67. 68 ink-jet printing'®, and photolithographylg. For the
3.0/3.0 PAA/PAAm multilayers, many of these techniques are possible since upon assembly, the
hydrogen-bonded films are soluble in neutral water. However, the films can be selectively

crosslinked using heat or copolymers with a photo-initiator'®. A different approach is presented
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in this thesis. In chapter 3, the patterning of multilayers with areas to promote cell adhesion
using POPS is studied. The POPS technique, developed by the Hammond group, is a more

versatile approach to patterning than its predecessor, microcontact printing® ™

since it does not
require a specific chemistry or substrate. Jiang et al. showed that POPS can act as a template for
multilayer growth® or create a surface containing two different functional groups capable of

selective functionality®®. The work in this thesis builds on these concepts to study applications

that would not be possible with homogenous multilayers.

1.3. Thesis Objectives and Outline

The major objective of this research is to explore applications for weak polyelectrolyte
multilayers as biomaterials. The ability to tune these ultra-thin polymer films on the molecular
level gives them interesting properties that could help address many important biomedical
problems. The second chapter presents a method to pattern polyelectrolyte multilayers on the
micron-scale utilizing polymer-on-polymer stamping (POPS). This versatile technique for
surface patterning produces patterns with controlled thickness and functional group density.
Chapter three provides an application for this surface patterning method; cell patterns and arrays
when using a cell-inert polyelectrolyte multilayer film as the background. Using POPS, it was
possible to control the ligand density and subsequent cell behavior on the patterned regions due
to the tunability of the technique. A much different application, drug delivery, is discussed in the
fourth chapter. We found that porous weak polyelectrolyte multilayers provided sustained drug
release for days to weeks of both hydrophobic and hydrophilic model drugs. Finally, the fifth
and sixth chapters present two different multilayer platforms for killing bacteria and preventing

bacterial adhesion, respectively. In these chapters, a silver-loaded multilayer system for killing
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bacteria and a superhydrophobic multilayer film that prevents fouling from proteins, cells, and
bacteria are presented. In addition, the superhydrophobic multilayers can be patterned for high-
throughput screening. Although at first glance these applications seem very different, they are
tied together by the types of thin films used. The films were all composed of weak

polyelectrolyte multilayers with varying degrees and types of post-treatment processing.
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Chapter 2  Polymer on Polymer Stamping of Weak

Polyelectrolytes

Reproduced in part with permission from Berg, M. C.;Choi, J.;Hammond, P. T.;Rubner, M. F.
Tailored Micropatterns through Weak Polyelectrolyte Stamping Langmuir 2003, 19, 2231-2237.
Copyright 2003 American Chemical Society

2.1. Introduction

In recent years, a great deal of effort has been put forth to research thin films made from
polyelectrolyte multilayers using the layer-by-layer assembly technique. Since this method for
building layers of oppositely charged polyelectrolytes was first developed, many different
materials have been employed to produce thin films using this approachl's . Multilayer films
produced in this layer-by-layer process offer many other desirable traits beyond the versatility in
building materials. The fihh thickness and surface properties can be tailored with unequaled
control since each layer is added sequentially. In addition, the process is relatively simple and
typically utilizes aqueous solutions. Of specific interest to this paper is the behavior of
multilayer films assembled with weak polyelectrolytes with pH-tunable charge densities. It has
been shown that the thickness of adsorbed weak polyelectrolyte layers changes greatly according
to the ionization degree of each polymer involved in the assembly process® ®. Weak
polyelectrolytes, such as poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA),
can deposit on a substrate to create very thick (up to 80 A) layers when the films are fabricated
under pH conditions where the polymers are not fully charged. Conversely, the two polymers

can be used in their fully charged state to create thin layers similar to strong polyelectrolytes.
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This means that films can be created with considerably different bulk and surface properties by
using the same two polymers.

Patterning weak polyelectrolyte multilayer films on a micron-scale is highly desirable for
various applications such as biosensors, tissue engineering implants, electronic devices, and
photonic structures.  Biological applications present some of the greatest opportunities
particularly considering recent findings that specific PAA/PAH films are completely inert to
mammalian cell attachment (specifically mouse fibroblasts), while others promote cell adhesion’.
In addition, these multilayers are useful in directing the selective adsorption of block
copolymers® or catalysts for further chemistry’, which can play an important role in biological
studies. Soft lithographic patterning techniques in which a chemically patterned surface acts as a
template for the deposition of strong or weak polyelectrolyte multilayers have been developed'®
12 using microcontact printing methods to create chemical surface templates on gold and oxide
surfaces'> ™. This approach and other methods allow the formation of three-dimensional micron
scale patterned multilayer films. The ability to pattern the topmost surface of a polyelectrolyte
multilayer is particularly critical for a number of sensor and array applications; however, micro-
contact printing techniques based upon thiol and silane chemistry on metal and metal oxide
surfaces are not applicable to the surfaces of polymer multilayers. Recently, a technique,
polymer-on-polymer stamping (POPS), has been developed, which involves the direct

application of a polymer monolayer onto a surface'® "

. POPS, which has greatly widened the
scope of suitable materials that can be transferred using a stamp, takes advantage of the
multivalent nature of polymer chains to form a stable monolayer on the desired substrate. This

method was originally developed to pattern a polyethylene oxide graft copolymer onto a

polyelectrolyte multilayer surface'®; more recent investigations have reported the use of block
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copolymers containing a functional and an anchoring block segment to modify multilayer
surfaces via electrostatic, secondary, and covalent interactions, and the ability to pattern strong
polyelectrolytes onto oppositely charged polyelectrolyte multilayer surfaces'’ utilizing solely
electrostatic interactions. This approach makes it possible to create micron scale features of
differing chemical functionality over large areas on the underlying multilayer. Additional steps
can be used to take advantage of the functionality on the patterned polymer or the unstamped
region of the substrate, as demonstrated in the use of POPS on multilayer surfaces to template
the deposition of additional multilayers'®, colloid deposition’®, and nickel plating’. Besides
POPS, other soft lithographic methods have been developed to pattern polymer surfaces that take

advantage of specific chemistry with the surface®®?

. Soft lithographic techniques have many
advantages over other patterning methods such as photolithography, including low cost, the
ability to create large area patterns, and a wider variation in available surface chemistries. The
stamping process does not require a clean room environment or the harsh chemicals necessary
for most photolithography techniques, and can be used to obtain features down to one micron or
less in size.

This chapter examines the extension of the POPS process to the transfer of weak
polyelectrolytes onto weak polyelectrolyte multilayer platforms. The main advantage of working
with weak polyelectrolytes is the ability to influence the charge density of the polymer by simple
pH adjustments. In the stamping process, the pH of the polyelectrolyte ink can be adjusted to
provide a polymer that is either fully charged in solution or completely uncharged. The pKa of
PAH is approximately 9.0. Hence, at this pH, 50% of the functional groups are charged®.

Therefore, adjustment of the ink solution pH to values well above and below pH 9.0 covers the

range of ionization possibilities. The question still remains as to whether or not changing the
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charge density of the polymer in the ink solution affects the thickness of the stamped features
and the number of free functional groups in the transferred polymers. Because the stamping
process is a dry one, it is unclear whether the thickness of the stamped layers can be tailored in
manner similar to the adsorption of weak polyelectrolytes6. It has been shown that adsorption of
weak polyelectrolytes at pH values that yield low charge can lead to a thicker adsorbed polymer
layer. These experiments were designed to check the hypothesis that altering the ionization of the
polyelectrolyte would change the thickness of the transferred polymer layer upon stamping as
well as available functional groups.

This chapter also addresses issues such as the stability of the stamped pattern in a
buffered solution as would be commonly used in biological experiments. We believe that these
films are suitable for biological applications due to recent findings that weak polyelectrolyte
multilayers can be created to resist cell adhesion. Patterning these particular films with different
functional groups could allow directed chemistry to these regions on a micron scale. Such
chemistry could present specific biological ligands for cell attachment, creating a template for
controlling cell growth on virtually any surface. Also, multilayers offer the possibility of

utilizing the functional groups within the film itself in addition to those on the surface.

2.2. Experimental Methods

1. Materials. Poly(acrylic acid) (PAA) (MW = 90,000) was purchased from
Polysciences as a 25% aqueous solution. Poly(allylamine hydrochloride) (PAH) (MW = 70,000)
and dansyl chloride were purchased from Aldrich. Poly(dimethylsiloxane) (PDMS) stamps were
created by curing Sylguard 184 (a two ingredient elastomer kit purchased from Dow Chemical)

on top of a silicon master with a striped photoresist pattern. All materials were used without any
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further purification. Dulbecco’s Phosphate Buffered Saline (PBS) solution was purchased from
Gibco.

2. Substrate Preparation. As detailed in previous work®, multilayer thin films of weak
polyelectrolytes were made by a layer-by-layer dipping assembly technique, which utilized an
HMS programmable slide stainer from Zeiss, Inc. to automate the process. For making the
multilayer films, 10> M (based on repeat unit of the polymer) polyelectrolyte solutions were
prepared with 18 MQ Millipore water, and were pH-adjusted with either HCI or NaOH. Clean
glass substrates were first submerged into the polyelectrolyte solution (PAH first) for 15 minutes,
and then taken through a series of three rinse baths of water (pH unadjusted ~5.5) for 2, 1, and 1
minute, respectively.  Afterwards, the slides were immersed in the oppositely charged
polyelectrolyte solution for 15 minutes followed by the same rinse procedure. The process was
then repeated until 20 layers were assembled to leave PAA as the outermost layer.

3. Stamping of weak polyelectrolytes. PDMS stamps were inked by immersion in 0.05
M (based on polymer repeat unit) polyelectrolyte solution (PAH) for 1 hour, similar to a
previously described method®. The pH of the PAH ink was adjusted using HC] or NaOH. The
stamps were then briefly rinsed with water and blown dry with air. The stamp was still wet
when rinsed, and the pH of the rinse water was not adjusted. To ensure the degree of ionization
of the PAH was not changed, the rinse step was kept less than 2 seconds. Finally, the stamp was
brought into contact with a polyelectrolyte multilayer platform for 30 seconds. Some samples
were then rinsed with water for 2 minutes to compare the stamped features before and after
rinsing.

4. Dansyl Chloride Attachment. Samples stamped with PAH were reacted with dansyl

chloride to check the uniformity of the pattern over large areas and show their ability to direct
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chemistry. When dansyl chloride is bound to the primary amines of PAH in the stamped region
of the films, the compound can be seen using fluorescence microscopy. For the treatment, a 10
M stock solution of dansyl chloride was prepared in N,N - dimethyl formamide (DMF). From
this stock solution, 5 mL were added to 50 mL of 0.1 M sodium bicarbonate buffer solution at
pH = 9.0 and stirred vigorously. Samples were then placed in this mixed solution and allowed to
incubate for 2 minutes. The time was kept short to avoid having the dansyl chloride diffuse into
the bulk of the film. Following the process, samples were rinsed for 2 minutes in water. The
relative intensity of the fluorescent images was checked using the National Institute of Health’s
(NIH) ImagelJ image analysis software. The reported values are not meant to be quantitative for
the number of reacted amine groups, but are meant to compare the relative number of reacted
groups for each stamping condition. The reported values were obtained by analyzing 6 spots
from images taken of 3 different samples under the same lens and exposure time.

S. PBS Stability. The stability of the stamped patterns in a pH 7.4 buffered solution was
checked using PBS. The samples were immersed in PBS for 3 days to check the stability of the
patterns in biological applications.

6. Characterization. The thickness of the films was checked using a Tencor P-10
Surface Profiler (Tencor, Santa Clara, CA) to perform profilometry®. Reported values represent
an average of at least 6 measurements for each sample. The Digital Instruments Dimension 3000
atomic force microscope (AFM) (Digital Instruments, Santa Barbara, CA) was used in tapping
mode to obtain topographical information about the stamped area including heights of stamped
features. Stamp height values were obtained by examining the sections of AFM data. Reported
values represent an average of at least 10 data points taken from different areas of the samples.

Four different samples were used for each stamping condition and multilayer platform. For
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visualization of the PAH stamped regions labeled with dansyl chloride, a Zeiss Axioplan 2
fluorescence microscope (Carl Zeiss Inc., Thornwood, NY) was utilized. When using a DAPI
filter, the stamped regions appear blue-green. The intensity of the fluorescence images was
checked using the NIH Imagel software.

7. Statistical Analysis. Analysis of variance (ANOVA) was employed to test the
statistical significance of differences in stamped thickness values. ANOVA tests whether the
variance between thickness values from different stamping conditions is greater than the variance
within a reported thickness value for a given stamping condition. If this is the case, then the
difference between two stamping conditions is statistically significant. The final result of the
ANOVA is the p-value (or probability value). If the p-value is less than a significance level of

0.05 (based on a 5% level), than the groups are statistically different.

2.3. Results and Discussion

2.3.1. Characterization of Weak Polyelectrolyte Multilayer Films

In this study, we stamped PAH onto PAA/PAH multilayer films where PAA was the top
layer. Figure 2-1 contains a schematic diagram of the POPS process; adhesion of the polymer to
the multilayer surface can be based on electrostatic, hydrogen bonding, acid-base or covalent
interactions. The process of submerging the entire PDMS stamp in the ink solution has been
utilized in previous research®. As the diagram indicates, we believe that the polyelectrolyte

uniformly coats the stamp during the inking process.
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Figure 2-1. Diagram illustrating the polymer-on-polymer stamping process for PAH on a
PAA/PAH multilayer platform.

We chose three different weak polyelectrolyte multilayer platforms to check the
versatility of the POPS process when the surface roughness and chemical characteristics of the
multilayer film are changed. Each of these three 10 bilayer PAA/PAH multilayer films was built
using a different pH combination to create platforms that differ dramatically in architecture (a
bilayer being one layer of PAH and PAA). Multilayer films of PAA/PAH assembled at pH
6.5/6.5, 3.5/7.5, and 2.5/2.5 (notation refers to the assembly pH of PAA and PAH) were
prepared. The molecular architecture of the various PAA/PAH multilayer films has previously
been described in detail®. Briefly, both polyelectrolytes are fully charged when deposited at
6.5/6.5, resulting in extremely thin layers. In this case, most of the polyion charged groups are
paired with oppositely charged groups from the complimentary polyelectrolyte. The 6.5/6.5

films are relatively smooth (4 A RMS roughness), with highly interpenetrated layers. There are
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few remaining free functional groups from either PAA or PAH left in the interior of the film or at
the surface due to the high degree of ionic crosslinking. The 3.5/7.5 PAA/PAH layers are very
thick, loopy structures with a higher RMS roughness of 18 A. The 2.5/2.5 films exhibit a bilayer
thickness and RMS roughness that falls between those of the 6.5/6.5 and 3.5/7.5 PAA/PAH
multilayers. The resulting films are rich in free acid groups both in the bulk and on the surface
regardless of the top layer of the film. The 2.5/2.5 films are also of particular interest due to their
ability to resist mammalian cell adhesion’. Table 2-1 compares the thickness and roughness
values measured on dried films for each of the PAA/PAH multilayer films prepared for this
study.
Table 2-1. Average incremental bilayer thickness (measured by profilometry) and RMS

roughness (obtained from AFM) measurements for the three representative 10 bilayer PAA/PAH
multilayer films used in stamping study.

PAA/PAH  Avg. Bilayer Avg. RMS
Film Thickness () Roughness (A)

6.5/6.5 6 4
2.5/2.5 42 10
3.5/7.5 106 18

2.3.2. Influence of Ink pH of PAH stamped onto Multilayers as Studied with

Atomic Force Microscopy

PAH was stamped onto the three different PAA/PAH multilayer systems with PAA as the
top layer. For all cases, the PDMS stamp was immersed in a 0.05 M PAH solution at room
temperature for 1 hour. Three different ink solutions were used to present PAH with varying
degrees of ionization, which were approximately 100% (pH = 3.5), 50% (pH = 9.0), and 0% (pH
=11.0). The pH values were chosen based on previous work that estimated the charge density of
PAH in solution as a function of pH** %, After inking the stamp with PAH, the stamp was rinsed

briefly in water to remove excess ink solution and blown dry with air. The dry stamps were then
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brought into contact with the multilayer surface, which consisted of 10 bilayers of alternating
PAH and PAA, for 30 seconds. This process was repeated for each ink pH and multilayer
combination to yield a total of 9 different conditions. Following stamping, the patterned samples
were characterized with AFM, rinsed for 2 minutes in water, and then re-characterized to explore
the effects of the rinse step on the stamped regions. The pattern that was used for all of the
stamping conditions contained lines of varying widths from 5 um to 10 pm. In the resulting
images, the thicker lines always indicate the stamped regions. The width of stamped PAH lines

matched the PDMS stamp features, so no spreading was observed on the multilayer surface.

(@) InkpH=3.5 (b) InkpH=9.0 (c) InkpH=11.0
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Figure 2-2. AFM height images and sectional analyses of 6.5/6.5 PAA/PAH multilayer platforms
stamped with PAH at various ink pH’s.

The 6.5/6.5 multilayer films were by far the smoothest platforms in this study, and

consequently, the patterns were the easiest to visualize using AFM. Figure 2-2 shows AFM data

for the 6.5/6.5 PAA/PAH multilayers at the three different stamping pH conditions after rinsing
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the sample with water. Along with the pictures of the patterned regions, sectional analysis
diagrams are presented to give a better idea about attributes of the stamped area. It should be
noted that the same stamp design was used in all cases. However, different areas of the stamp
surfaces were imaged, leading to different feature widths appearing in the AFM images. As can
be seen directly from the sectional analysis in Figure 2-2, the thickness of the stamped regions
increased from approximately 1.0 nm to 2.4 nm as the ink solution increased from pH = 3.5 to
pH = 9.0, and reached 4.4 nm when the pH was raised to 11.0. Based on the ANOVA p-values
(see experimental section), the increase in height with pH was statistically significant, as was the
case for all of the multilayer platforms. These patterns are very distinct and show definite steps
where the line pattern appears on the film, especially at the higher pH conditions. The same
trend was observed for the 3.5/7.5 multilayer platforms; however, the high roughness of the
underlying film caused the stamped layer to be rougher and obscured the pattern to some degree.
The roughness of the films also accounts for the digitized look to the AFM images. For these
samples, transferred PAH heights were 1.5 nm, 3.3 nm, and 5.7 nm for ink solution pH’s of 3.5,
9.0, and 11.0, respectively. AFM pictures of these samples after rinsing in water can be seen in
Figure 2-3. As can be seen by the sectional analysis, there is a fairly large range of error
involved in determining stamped feature height due to the roughness of the film. However, the
borders of the stamped lines and multilayer background become more defined as the pH of the
PAH ink solution is increased. The patterned lines do not look as sharp as the 6.5/6.5 PAA/PAH
samples due to the rougher topography. The 2.5/2.5 multilayers were also relatively rough films,
and as a result, the patterned features were also harder to visualize using AFM compared to the
6.5/6.5 samples, as shown in Figure 4. However, the trend of increasing thickness with

increasing pH was also found for the 2.5/2.5 multilayers. For this system, the PAH layer
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stamped layer heights were 1.3 nm (ink pH = 3.5), 4.0 nm (ink pH = 9.0), and 6.5 nm (ink pH =
11.0). The trend of increasing stamped layer thickness with decreasing ionization can be
attributed to the lower number of charged groups along the polymer backbone capable of ionic
binding to the underlying multilayer film. As is the case with a weak polyelectrolyte chain
adsorbed at a low degree of ionization, this should lead to a loopier and thicker structure for the
stamped polymer. In addition, there is a conformational contribution to the trend in layer
thickness. As the polyelectrolyte becomes less charged in a solution at a higher pH, the polymer
chains collapse into a more random coil conformation, compared to the more extended chain
shape of fully charged polyelectrolytes. Similar observations were made with previous work on
the stamping of the strong polyelectrolytes SPS and PDAC; increased ionic strength, which
causes shielding of charges on the polyion backbone, caused an increase in the amount of

material transferred in the stamping process27.
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Figure 2-3. AFM height images and sectional analyses of 3.5/7.5 PAA/PAH multilayer platforms
stamped with PAH at various ink pH’s.
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As stated previously, we obtained AFM data before and after rinsing the stamped
samples with water. This was done to determine if the stamped features decrease in height after
the sample is rinsed. Figure 2-5 compares the stamped layer thickness before and after rinsing
for all three weak polyelectrolyte multilayer platforms and all three pH conditions. In most
cases, the thickness of the transferred layer remained essentially the same after rinsing. The only
case where the decrease in height was statistically significant was PAH stamped at pH 9.0 onto a

6.5/6.5 PAA/PAH film according to the ANOVA test.
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Figure 2-4. AFM height images and sectional analyses of 2.5/2.5 PAA/PAH multilayer platforms
stamped with PAH at various ink pH’s.

In previous work with the strong polyelectrolyte, PDAC"’, the rinse step removed a great
deal of excess material initially transferred to the substrate by the stamp. The difference between
the work presented in this paper and previous work may be the different PDMS stamp inking
methods. In this work, the stamp is soaked in polymer solution and rinsed before contacting the

substrate, while in the previous paper; the polyelectrolyte ink was brushed onto the stamp
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without a rinse step for the PDMS stamp, resulting in a larger quantity of polyelectrolyte “ink”
on the stamp. Figure 2-5 also helps to compare the stamped layer heights between the different
multilayer films. From these graphs, it is apparent that the 2.5/2.5 and 3.5/7.5 platforms produce
the thickest layers of transferred material, and the 6.5/6.5 platforms the thinnest layers at a given
ink pH. The reason for this behavior can be explained by the films’ relative affinities for PAH.
In the 6.5/6.5 system, most of the acid groups in the top layer of PAA are ionically stitched up
with the PAH layer below it, so there are few acid groups available to interact with the amine
groups from the stamped PAH chains. However, in the 2.5/2.5 and 3.5/7.5 multilayers, there are
many free acid groups on the surface due to the low pH at which the final layer of PAA was
deposited; these free acids are available to interact with the stamped polyamines. The roughness
of the multilayer substrate could also play a role in determining transferred layer height since the

two rougher films (3.5/7.5 and 2.5/2.5 PAA/PAH multilayers) lead to the thickest stamped layer.
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Figure 2-5. Thickness measurements from AFM of the stamped PAH layer inked at pH = 3.5,
9.0, and 11.0 before and after rinsing in water for 2 minutes on 6.5/6.5 PAA/PAH multilayers
(a), 3.5/7.5 PAA/PAH multilayers (b), and 2.5/2.5 PAA/PAH multilayers (c).

2.3.3. Dansyl Chloride Attachment on Stamped PAH as a Function of Ink pH

To visualize the stamped layers over a larger area and to illustrate the point that the
stamped polyelectrolyte’s reactive groups can be taken advantage of through selective chemistry,
dansyl chloride was attached to the stamped PAH regions. Dansyl chloride only fluoresces after
it is bound to an amine, so a fluorescent image is a clear indication that a covalent bond is
formed with the stamped PAH. The reaction proceeded by simply dipping the patterned
substrate in a buffered dansyl chloride solution. We performed the reaction for each of the three
multilayer substrates with PAH stamped at each ink pH. Dansyl chloride is a sulfonyl chloride
that reacts with primary amines and emits a fluorescent color when excited with light in the near
UV. A buffer solution of pH = 9.0 was chosen to ensure a supply of free amines. The resulting

fluorescent patterns were visualized using a fluorescence microscope. The dansyl chloride
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appeared to react with the PAH stamped regions over the entire area created by the stamp.
Intensity values for each of the images were obtained by using image analysis software, and they
are reported in Figure 2-6. For this analysis, testing conditions such as exposure time and
magnification level were kept constant. The background was not subtracted from the reported

intensity values.
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Figure 2-6. Fluorescent intensities of dansyl chloride labeled PAH stamped onto 6.5/6.5
PAA/PAH multilayers (a), 3.5/7.5 PAA/PAH multilayers (b), and 2.5/2.5 PAA/PAH multilayers

(©).

The intensity measurements are not meant to be an exact number for the reactive amine
groups in the transferred PAH layer; however, they do reflect the relative amount of amine
groups that are marked by dansyl chloride for each ink condition and multilayer substrate. The
reported values indicate that as the PAH stamped layer thickness increases, so does the number
of available functional groups for additional chemistry. This trend can be seen by the increasing

fluorescence intensity with increasing ink pH. In addition, the 6.5/6.5 PAA/PAH multilayers,
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which were earlier shown to produce the thinnest PAH transferred layer, also lead to the lowest
intensity values of the different multilayer substrates. Figure 2-7 shows a fluorescent image of
the dansyl chloride labeled PAH for the 3.5/7.5 PAA/PAH sample stamped with PAH at a pH of
11.0 as an example of the fluorescent images obtained. The image also makes it clear that
although AFM images may look rough for the 3.5/7.5 PAA/PAH films, a well-defined pattern is
still formed. Performing specific chemistry on the stamped regions may be very useful in
biosensor applications. By using a cell resistant multilayer system as a background, PAH could
be stamped on top and reacted with specific biological ligands to create areas for cell adhesion.
In Chapter 3, we will show how this idea can be applied to pattern mammalian cells using
specific chemistry to attach RGD ligands to the stamped PAH surface. Any chemistry that reacts
with a primary amine is possible, so this is an extremely versatile approach to create cell
adhesive regions on a bio-inert background. Furthermore, since the conditions used to ink the
stamp controls the amount of functional groups on the stamped surface, the density of attached
ligands may also possibly be controlled. The attachment of dansyl chloride is just one example
of the possibilities that are introduced by creating regions with two distinctive chemical groups

on a surface.
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Figure 2-7. Fluorescent image of a 3.5/7.5 PAA/PAH multilayer platform stamped with PAH at
pH 11 and subsequently reacted with dansyl chloride.

Finally, the stability of the stamped PAH layers was checked by an extensive rinse in a
buffered solution. For this experiment, each of the three multilayer films was stamped with PAH
(ink pH = 11.0) and then immersed in a phosphate buffer solution of pH = 7.4 for 3 days. After
this treatment, the patterns were examined using AFM and dansyl‘chloride staining to confirm
the stability of the stamped pattern. In all cases, the patterns were still present and very clear for
each substrate with similar intensity values. Thus, it may be concluded that the created patterns
on each of the polyelectrolyte multilayers are stable under buffered conditions. To check for
PAH coming off the stamped films, the buffer solution used fbr treatment was used as an
adsorption bath for a 2.5/2.5 PAA/PAH multilayer film (aftgr dialysis to remove salts).
Afterwards, this film was stained with dansyl chloride to mark any PAH that the film obtained
from the bath. Upon fluorescence intensity comparison against 2.5/2.5 films dipped into known
concentrations of PAH, it appears that there is less than 0.0001 M PAH in the buffer rinse

solution. In fact, the intensity value is statistically the same as a film never dipped in a bath
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containing PAH. Data for this comparison are presented in Table 2-2. The films were tested in
buffered solution to check the appropriateness for use in biological applications. Since a great
deal of biochemistry is done in buffered solutions, and any cell work must be done under
physiological conditions; the stamped patterns must be able to withstand treatment in buffered
conditions for long periods of time.

Table 2-2. Fluorescence intensity values of multilayer films dipped in the buffer rinse solution or

standard PAH solutions.
PAH Avg. Intensity
Concentration (256 pt scale)
Buffer rinse 32+3
0 34+1
10°M 223+ 1
10°M 225+2
10*M 43+1

2.4. Conclusions

We have extended the polymer-on-polymer stamping technique to the patterning of weak
polyelectrolyte multilayer films with PAH when PAA is the top layer. As the pH of the PAH ink
solution for the PDMS stamp is increased, the thickness of the transferred PAH layer increased
as well as the number of amine groups available for further chemistry. The thickest layer of
stamped PAH occurred when its degree of ionization was the lowest. The result was the same
for each PAA/PAH multilayer system tested (6.5/6.5, 3.5/7.5, and 2.5/2.5). However, as the
roughness of the underlying weak polyelectrolyte multilayer substrate increased, so did the
roughness of the stamped pattern. In addition, PAH stamped on all three PAA/PAH multilayers
directed selective chemistry of dansyl chloride. The amount of amine groups capable of reacting
with dansyl chloride increased with increasing transferred layer thickness. Finally, the

transferred PAH patterns were stable even after a three-day rinse in buffered solution. The
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stability of the patterned films and their functionalities from the stamped material and underlying
substrate make them excellent candidates for a range of applications. One of these applications,

controlled ligand density on cell adhesive patterns, is explored in Chapter 3 of this thesis.

45



References for Chapter 2

ey
()

3)
“)

()

(6)
@)

(8)
®)

(10)

an
(12)

(13)
(14)
(15)
(16)
a7
(18)

Decher, G. Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites Science
1997, 277, 1232-1237.

Lvov, Y.;Decher, G.;Sukhorukov, G. Assembly of Thin Films by Means of Successive
Deposition of Alternate Layers of DNA and Poly(Allylamine) Macromolecules 1993, 26,
5396-5399.

Lvov, Y.;Ariga, K.;Kunitake, T. Assembly of Alternate Protein Polyion Ultrathin Films
Chem. Lett. 1994, 2323-2326.

Yoo, D.;Shiratori, S. S.;Rubner, M. F. Controlling Bilayer Composition and Surface
Wettability of Sequentially Adsorbed Multilayers of Weak Polyelectrolytes
Macromolecules 1998, 31, 4309-4318.

Wu, A.;Yoo, D.;Lee, J. K.;Rubner, M. F. Solid-State Light Emitting Devices Based on
the Tris-Chelated Ruthenium(I) Complex: 3. High Efficiency Devices Via a Layer-by-
Layer Molecular-Level Blending Approach J. Amer. Chem. Soc. 1999, 121, 4883-4891.
Shiratori, S. S.;Rubner, M. F. Ph-Dependent Thickness Behavior of Sequentially
Adsorbed Layers of Weak Polyelectrolytes Macromolecules 2000, 33, 4213-4219.
Mendelsohn, J. D.;Yang, S. Y.;Hiller, J.;Hochbaum, A. I.;Rubner, M. F. Rational Design
of Cytophilic and Cytophobic Polyelectrolyte Multilayer Thin Films Biomacromolecules
2003, 4, 96-106.

Choi, J.;Rubner, M. F. Selective Adsorption of Amphiphilic Block Copolymers on Weak
Polyelectrolyte Multilayers J. Macromol. Sci. Pure Appl. Chem. 2001, 38, 1191-1206.
Wang, T. C.;Chen, B.;Rubner, M. F.;Cohen, R. E. Selective Electroless Nickel Plating on
Polyelectrolyte Multilayer Platforms Langmuir 2001, 17, 6610-6615.

Hammond, P. T.;Whitesides, G. M. Formation of Polymer Microstructures by Selective
Deposition of Polyion Multilayers Using Patterned Self-Assembled Monolayers as a
Template Macromolecules 1995, 28, 7569-7571.

Clark, S. L.;Montague, M.;Hammond, P. T. Selective Deposition in Multilayer
Assembly: Sams as Molecular Templates Supramol. Sci. 1997, 4, 141-146.

Clark, S. L.;Montague, M. F.;Hammond, P. T. Ionic Effects of Sodium Chloride on the
Templated Deposition of Polyelectrolytes Using Layer-by-Layer Ionic Assembly
Macromolecules 1997, 30, 7237-7244.

Kumar, A.;Biebuyck, H. A.;Whitesides, G. M. Patterning Self-Assembled Monolayers:
Applications in Materials Science Langmuir 1994, 10, 1498-1511.

Kumar, A.;Whitesides, G. M. Patterned Condensation Figures as Optical Diffraction
Gratings Science 1994, 263, 60-62.

Xia, Y.;Mrksich, M.;Kim, E.;Whitesides, G. M. J. Amer. Chem. Soc. 1995, 117, 9576-
95717.

Jiang, X.;Hammond, P. T. Selective Deposition in Layer-by-Layer Assembly: Functional
Graft Copolymers as Molecular Templates Langmuir 2000, 16, 8501-8509.

Jiang, X.;Zheng, H.;Gourdin, S.;Hammond, P. T. Polymer-on-Polymer Stamping:
Universal Approaches to Chemically Patterned Surfaces Langmuir 2002, 18, 2607-2615.
Zheng, H.;Rubner, M. F.;Hammond, P. T. Particle Assembly on Patterned "Plus/Minus"
Polyelectrolyte Surfaces Via Polymer-on-Polymer Stamping Langmuir 2002, 18, 4505-
4510.

46



(19)
(20)

(21)

(22)

(23)

(24)
(25)

(26)

27

Jiang, X.;Zheng, H.;Choti, J.;Rubner, M. F.;Hammond, P. T. To Be Submitted.

Martin, B. D.;Brandow, S. L.;Dressick, W. J.;Schull, T. L. Fabrication and Application of
Hydrogel Stampers for Physisorptive Microcontact Printing Langmuir 2000, 16, 9944-
9946.

Hyun, J.;Zhu, Y.;Liebmann-Vinson, A.;Beebe, T. P.;Chilkoti, A. Microstamping on an
Activated Polymer Surface: Patterning Biotin and Streptavidin onto Common Polymeric
Biomaterials Langmuir 2001, 17, 6358-6367.

Hyun, J.;Ma, H.;Banerjee, P.;Cole, J.;Gonsalves, K.;Chilkoti, A. Micropatterns of a Cell-
Adhesive Peptide on an Amphiphilic Comb Polymer Film Langmuir 2002, 18, 2975-
2979.

Lahann, J.;Balcells, M.;Rodon, T.;Lee, I.;Choi, I. S.;Jensen, K. F.;Langer, R. Reactive
Polymer Coatings: A Platform for Patterning Proteins and Mammalian Cells onto a Broad
Range of Materials Langmuir 2002, 18, 3632-3638.

Choi, J.;Rubner, M. F. Influence of the Degree of Ionization on Weak Polyelectrolyte
Multilayer Assembly Macromolecules 2005, 38, 116-124.

Tan, J. L.;Tien, J.;Chen, C. S. Microcontact Printing of Proteins on Mixed Self-
Assembled Monolayers Langmuir 2002, 18, 519-523.

Yoshikawa, Y.;Matsuoka, H.;Ise, N. Ordered Structure of Polyallylamine Hydrochloride
in Dilute Solutions as Studied by Small-Angle X-Ray-Scattering Br. Polym. J. 1986, 18,
242-246.

Gourdin, S.;Hammond, P. T. To Be Submitted.

47



Chapter 3  Controlling Mammalian Cell Adhesion on

Patterned Polyelectrolyte Multilayer Surfaces

Reproduced in part with permission from Berg, M. C.;Yang, S. Y.;Hammond, P. T.;Rubner, M. F.
Controlling Mammalian Cell Interactions on Patterned Polyelectrolyte Multilayer Surfaces
Langmuir 2004, 20, 1362-1368. Copyright 2004 American Chemical Society

3.1. Introduction

The ability to pattern mammalian cells in specific areas on a surface has become a very
important topic of research due to its applications in tissue engineering, cell arrays, and
biosensors. To control the spatial adhesion of cells, areas that promote cell attachment must be
patterned on a cell-inert background. Early work to confine cells to micron-size areas was
performed by Carter, where fibroblasts were patterned on islands of palladium'. Later, the
Whitesides group utilized self-assembled monolayers (SAMs) to present microcontact printed
adhesive islands against an inert ethylene glycol (EG) background to geometrically control cell
adhesion®. Since this work, many other groups have used either EG or poly(ethylene glycol)
(PEG) as a cell-inert background3’ 4 making it the standard for resisting cell attachment.
However, other materials have been explored such as albumin’, phospholipid bilayers®,
mannitol’, and polyacrylamide (PAAm)-PEG interpenetrated networks®. Research with these
materials has shown that mammalian cells can be geometrically confined on a surface by turning
off their interactions with the surrounding area’. However, for some cell patterning applications,
there are limitations to these systems including long-term cell resistance and substrate choice.
Studies have shown, for example, that when using EG or PEG as the cell-resist material, the

pattern breaks down after a few days and cells overrun the entire surface” '°. The loss of pattern
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integrity has been attributed to oxidation and degradation of the resist region by alcohol
dehydrogenase and aldehyde dehydrogenase'" 2 Many of the alternative resist-materials have
also had problems keeping cell patterns intact'>. Mannitol and PAAm-PEG interpenetrated
networks are exceptions, since they exhibit good long-term pattern fidelity. However, mannitol
and other SAMs require that the substrate usually be gold or a metal oxide since they are often
bound to the surface using thiol or silane chemistry. Consequently, many materials including
plastics are not possible substrates with this chemistry. For these reasons, we have chosen to
explore cell patterning using newly discovered cytophobic materials based on specifically
engineered polyelectrolyte multilayers' ',

Polyelectrolyte multilayers have become excellent candidates for biomaterial applications
due to the high degree of molecular control over the architecture and thickness of the films, the
ability to incorporate proteins or other biomolecules into the layers without losing their
functionality, and the simple aqueous process used to make these thin films. Since the layer-by-
layer assembly iechnique was first developed, a variety of materials have been used to construct
multilayer thin films including biologically relevant ones such as DNA, proteins, and enzymes".
In the field of biomaterials, research efforts have focused on using polyelectrolyte multilayers in
drug delivery devices'®®, biosensors'®, and surfaces to study cell interactions®®?. Recently,
polyelectrolyte multilayers have been explored as cell resistant materials. Mendelsohn et al.
systematically studied how the processing of these thin films on a molecular level affects cell
interactions>. Weak polyelectrolytes offer the advantage of being able to change the film’s
molecular architecture using the same two polymers by adjusting the assembly pH26’ 21 Using
this approach, it was found that highly swellable films (~300-400%) prohibit cell adhesion, and

tight ionically stitched films support cell attachment. Therefore, proper choice in processing
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conditions as well as materials is important to create cell resistant polymer coatings. In addition
to the cytophobic polyelectrolyte multilayer systems formed through electrostatic interactions, it
was also found that hydrogen bonded multilayers made from either polyacrylic acid (PAA) or
polymethacrylic acid (PMA) and PAAm are cytophobic due to their high degree of swelling“.
They also exhibit great reduction in adsorption of some proteins on their surfaces. Although
after assembly, these films are soluble at or above neutral pH, they can be stabilized by heat or
photochemistry to make them suitable for cell culture assays. Experiments with wild type (WT)
NR6 fibroblasts have shown that these films resist cells for as long as 1 month and only a few
layers of PAA and PAAm (1 of each) are required to render the surface inert to cell adhesion.
The small number of required layers is very desirable from a commercial point of view. For
these reasons, we have chosen PAA/PAAm multilayers for further modification to produce cell
patterns. As previously demonstrated'*, PAA/PAAm multilayers can be selectively erased to
create patterns suitable for cell attachment on the underlying tissue culture polystyrene (TCPS).
In this work, a method to add patterned ligands for direction of cell adhesion through specific
interactions on these highly swollen films is presented.

Polymer-on-polymer stamping (POPS)** % is a technique well suited to selectively attach
cell adhesion molecules to a cytophobic multilayer surface in a defined geometry. It is a
straightforward soft lithographic technique that can be used to change the chemical functionality
of a surface on a micron-scale over a large area. By adding a second functional group to the
" surface, it is then possible to selectively react specific biological ligands instead of simply
relying on non-specific interactions to promote cell adhesion. This is important for applications
requiring a particular ligand-integrin interaction for sorting cells or for studying adhesion effects

of specific integrins. POPS is a soft lithographic technique that takes advantage of electrostatic,
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as well as other secondary bonding interactions, between polymers to pattern a polymer surface
with another polymer. It is a variation on microcontact pn'nting30 that eliminates the need to use
gold or metal oxide surfaces. In previous work, this method has been shown to produce high-
resolution patterns of graft copolymers, block copolymers, and oppositely charged
polyelectrolytes on polymer surfaces. Particularly relevant to this paper is work done previously
to pattern poly(allylamine hydrochloride) (PAH), a weak polycation on a PAA surface®'. This
method can be directly applied to the PAA/PAAm multilayer films when PAA is the outermost
layer. By stamping a weak polycation, it is possible to control the density of available functional
groups on the surface by altering the charge density through pH adjustment of the ink solution.

The surface density of patterned functional groups is important since it directly relates to
the density of cell-adhesive ligands in our process scheme. Specifically, we will show that the
density of the adhesion molecule, RGD (arg-gly-asp) can be controlled by the stamping
conditions. The tri-amino acid sequence, RGD, is a known adhesion molecule that exists in the
extracellular matrix protein, fibronectin®’. It was demonstrated that the proliferation,
morphology, migration, cytoskeletal organization, and adhesion of WT NR6 fibroblasts depends
on the density and spatial presentation of RGD on otherwise inert surfaces such as PEG
hydrogels>® and PEG comb copolymers®**®. Similar effects of varying RGD density have been
reported for other cell types such as myoblasts®’, endothelial cells®, and osteoblasts®®. A variety
of methods have been introduced to attach ligands to a surface including incorporation into
hydrogels‘“’, addition to segments in comb copolymers“, and reaction with surface functional
groups*. For patterns of PAH, the amine groups can be utilized to covalently bond ligands.

A heterobifunctional protein crosslinker, Sulfosuccinimidyl 6-[3’-(2-pyridyldithio)-

propionamido] hexanoate (Sulfo-LC-SPDP) is used to attach ligands to the PAH patterns. Since
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this crosslinker acts to bridge an amine group to a thiol group, any peptide ending in cysteine
(peptide with a thiol group) can be attached to the surface. To demonstrate the ability to control
the adhesion of fibroblasts, the peptide, GRGDSPC, was investigated. This molecule contains
the adhesion-promoting amino acid sequence, RGD, which has been shown to be a ligand for
WT NRG6 fibroblasts, which express the os; and o33 integrins3 3,

Combining the nano-scale architectural control of polyelectrolyte multilayers and the
micropatterning technique of soft lithography, this work examines how RGD density can be
controlled through processing conditions which, in turn, can be used to control and influence cell
adhesion in predefined regions on an inert background. We will show that cell activities such as
spreading, morphology, and cytoskeletal organization can be controlled within micron-scale
patterns by simply altering the ligand surface density through changes in the stamp ink pH of a
weak polycation, PAH. This approach offers several advantages over the often used method of
varying RGD surface density by altering the concentration of ligand in a reaction solution since

the upper limit on density is predetermined by the inking pH condition.

3.2. Experimental Methods

1. Materials. Poly(acrylic acid) (PAA) (MW = 90,000; 25% aqueous solution) and
polyacrylamide (PAAm) (MW = 5,000,000; 1% aqueous solution) were purchased from
Polysciences. Poly(allylamine hydrochloride) (PAH) (MW = 70,000) was purchased from
Sigma-Aldrich. The peptides GRGDSPC, YGRGDSPC, GRGESPC, and dansyl chloride labeled
GRGDSPC were supplied from the MIT Biopolymers Lab. The peptide, GRGDS, was
purchased from American Peptide. The protein crosslinker, Sulfosuccinimidyl 6-[3’-(2-

pyridyldithio)-propionamido] hexanoate (Sulfo-LC-SPDP), was purchased from Pierce
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Biotechnology. Dulbecco’s Phosphate Buffered Saline (PBS) solution was obtained from
Gibco/Invitrogen. Poly(dimethylsiloxane) (PDMS) stamps for polymer-on-polymer stamping
were created by curing Sylguard 184 (a two ingredient elastomer kit purchased from Dow
Chemical) on top of silicon masters with various micron-scale photoresist patterns®’. All
materials were used without any further purification.

2. Substrate Preparation. As described previously*’, multilayer thin films of hydrogen
bonding polymers were assembled using a layer-by-layer dipping technique. An HMS
programmable slide stainer from Zeiss, Inc. was employed to automate the dipping process.
Dilute polyelectrolyte solutions were prepared (10 M based on repeat unit of the polymer) with
18 MQ Millipore water, and were pH-adjusted with HC1. For the PAA/PAAm films, a layer of
PAH was first deposited on the substrate (either tissue culture polystyrene (TCPS) or glass) for
15 minutes, and then taken through a series of three rinse baths of 18 MQ Millipore water for 2,
1, and 1 minute, respectively. All rinse baths were adjusted to a pH of 3.0 for the multilayer
assembly to assure stability of the hydrogen-bonded system. Following the base layer of PAH,
the substrates were immersed in alternating baths of PAA and PAAm solutions with the same
rinse procedure in between polymer baths until 6 total layers were assembled leaving PAA as the
outermost layer for the multilayer films.

3. Stamping of weak polyelectrolytes. PAH was stamped following a previously
described procedure31’43. Briefly, PDMS stamps were inked by immersion in a 0.05 M (based on
polymer repeat unit) pH adjusted PAH solution for 1 hour. The stamps were then briefly rinsed
with water (~2 sec) and blown dry with air. Finally, the patterned side of the stamp was brought
into contact with a polyelectrolyte multilayer platform for 30 seconds. Samples were then rinsed

for 2 minutes in a water bath (pH unadjusted).
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4. Peptide Coupling. Stamped samples were first incubated at room temperature for 30
minutes in a solution of 0.5 mM Sulfo-LC-SPDP in PBS. Following addition of the crosslinker,
the samples were rinsed twice in PBS for 5 minutes. The samples were then incubated at room
temperature for 8 hours in a solution of 0.5 mM peptide (either GRGDSPC, dansyl chloride
labeled GRGDSPC, YGRGDSPC or GRGESPC) in PBS. Samples were then soaked twice in
PBS (first overnight and second for 5 minutes).

5. Cell Culture. Murine wild type (WT) NR6 fibroblasts were employed for the cell
culture experiments. WT NRG6 fibroblasts are a cell line derived from NIH 3T3 cells and were
provided by Prof. Linda Griffith’s laboratory at MIT. Unless stated otherwise, all materials used
for cell culture were purchased from Gibco/Invitrogen. The multilayer substrates patterned with
the desired ligand were sterilized by treatment with 70% (v/v) ethanol. As seen from previous
work"®, the sterilization procedure does not change the properties of the multilayer films. The
WT NR6 fibroblasts were cultured in pH=7.4 media composed of Modified Eagles Medium-o
(MEM-a) with 7.5% (v/v) fetal bovine serum (FBS), 1% (v/v) sodium pyruvate (100 mM), 1%
(v/v) nonessential amino acids (10 mM), 1% (v/v) Geneticin (G418) antibiotic (350 pg/ 10 mL
PBS), 1% (v/v) L-glutamine (200 mM), 1% (v/v) penicillin (10,000 U/mL, from Sigma), and 1%
streptomycin (10 mg/mL, from Sigma). Cells were kept in a humid incubator at 37.5 °C and 5%
CO..

For cell attachment assays, WT NR6 fibroblasts were counted using a hemocytometer
with trypan blue exclusion for cell viability, and seeded at ~10,000 cells/cm? onto the patterned
substrates. The media was changed every 3 days over the course of the experiment. Pictures
documenting cell growth, spreading, and morphology were taken using a Nikon Eclipse TE300

inverted phase contrast microscope with Openlab 3.0 software.
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6. Radiolabeling and measurement. Radiolabeling the peptide, YGRGDSPC, with I-
125 and measuring the surface radioactivity after coupling to Sulfo-LC-SPDP led to
quantification of ligand surface density. The Griffith lab at MIT developed the iodination
procedure used in this work. The tyrosine present in the sequence was iodinated using the
Iodobead method. A solution of 1 mg/mL peptide in 2-[N-morpholinoethane sulfonic acid]
buffer (Sigma) was mixed 1 to 4 with a solution of sodium iodide-125 (PerkinElmer) in PBS in
the presence of an Iodo-Bead (Pierce Biotechnology). The reaction was quenched with sodium
metabisulfate (12 mg/mL, Sigma) in PBS and then chased with potassium iodide (Sigma) in
PBS. The radiolabeled peptide was separated from unreacted I-125 by fractionating the reaction
mixture in a C18 Sep-Pak Reverse phase cartridge (Waters) with solutions of water, methanol,
and trifluoroacetic acid. The fractions of radiolabeled peptides were diluted with unlabeled
peptides (200:1) and coupled to PAH stamped surfaces activated with Sulfo-LC-SPDP. The
activities of samples and standards of known peptide concentrations were measured with a
Packard Cobra II Auto-Gamma counter. Reported values for each condition represent an
average of 24 samples subtracted from the background.

7. Immunostaining. After the WT NR6 fibroblasts were on the GRGDSPC-patterned
surfaces for 2 days, cytoskeletal organization was studied by staining for actin stress fibers and
vinculin (present in focal adhesions). Unless otherwise stated, all products were purchased from
Sigma-Aldrich, and dilutions were made in PBS. Cells were fixed with 3.7% formaldehyde
solution and permeabilized with 0.1% Triton X-100. After blocking with 2% bovine serum
albumin (BSA), the fibroblasts were labeled with monoclonal anti-vinculin antibody produced in
a mouse (50:1 dilution). Afterwards, the WT NR6 fibroblasts were stained with Alexa Fluor®

488 goat anti-mouse IgG (H+L) (2 mg/mL, 50:1 dilution, Molecular Probes) and rhodamine
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phalloidin (200 U/mL, 75:1 dilution, Molecular Probes). Finally, the ProLong® Antifade Kit
solution was applied to all samples (Molecular Probes). A Zeiss Axioplan 2 fluorescence
microscope (Carl Zeiss Inc., Thornwood, NY) with a high-resolution digital camera was used to
take pictures of the stained samples.

8. Soluble RGD tests. To check the specificity of the RGD-integrin interaction, the
peptide sequence GRGDS was added to the media (for a final concentration of 100 uM) after the
WT NRG6 fibroblasts had been on the RGD-patterned surfaces for 3 days. Cells using specific
integrins for RGD to attach to the patterned areas should detach in the presence of this
concentration of soluble RGD.

9. Atomic Force Microscopy. The Digital Instruments Dimension 3000 atomic force
microscope (AFM) (Digital Instruments, Santa Barbara, CA) was used in tapping mode to obtain
topographical information about the stamped area including heights of stamped features. Stamp
height values were obtained by examining the cross sections of AFM data. Reported values
represent an average of at least 10 data points taken from different areas of the samples. Four
different samples were used for each stamping condition.

10. Statistical Analysis. Analysis of variance (ANOVA) was used to test the statistical
significance of differences in stamped thickness, fluorescence intensity, and I-125 activity.
ANOVA determines whether or not the variance between testing conditions is greater than the
variance within testing conditions. The p-value (or probability value) is the result of the
ANOVA test, and a value less than 0.05 means the conditions are statistically different (based on

a 5% level).
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3.3. Results and Discussion

3.3.1. Functionalization and Characterization of Patterned PAH with RGD
Peptides

Hydrogen-bonded multilayers fabricated from PAA and PAAm were used to create a cell
resistant background in this study. Details concerning bilayer thickness and the cytophobic
behavior of these thin films have been reported in previous work'*. A surface can be rendered
inert to cell adhesion with as few as two layers of PAA and PAAm. For this study, five layers of
alternating PAA and PAAm were assembled on either glass (for fluorescence studies) or TCPS
(for cell culture assays) substrates with a previously deposited PAH base layer, leaving PAA as
the outermost layer. Five layers (dry thickness of ~ 50 A) were enough to render the TCPS
surface completely inert to WT NR6 fibroblasts seeded at 10,000 cells/cm?. Only floating cells
were observed on the surface after cell seeding, and previous work found no attachment after as
long as 1 month (seeding cells every 5 days). The WT NR6 cell line was chosen due to its strong
propensity to attach to most synthetic and natural polymeric surfaces.

To pattern cells using specific integrin-ligand interactions on the PAA/PAAm
multilayers, it is necessary to selectively attach ligands for the particular cell type in predefined
areas that can interact with the cell’s adhesion receptors. To achieve this, a different
functionality was first introduced on the PAA surface. Polymer-on-Polymer Stamping (POPS)
was used to introduce amine functional groups to the multilayer surface for subsequent reaction.
PAH was stamped onto the PAA surface of the PAA/PAAm multilayers by inking a PDMS
stamp with a 0.05 M PAH solution and then bringing the stamp into contact with the surface

after drying. Our previous study’' with PAA/PAH multilayers demonstrated that altering the pH
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of the stamping ink served as a means to control the number of available functional groups on
the patterned surface. In essence, the number of available functional groups increased with
inking pH due to an increase in the thickness of the stamped material. We expected to see the
same effect with the 3.0/3.0 PAA/PAAm films. This was confirmed through AFM by comparing
patterns of PAH stamped on the PAA/PAAm films at ink pH’s of 3.5, 7.0, 9.0, and 11.0. AFM
results indicate that the patterned PAH follows a trend of increasing pattern height with
increasing pH. This is due to the deprotonation of the weak polycation as the ink pH is
increased; as a result, the polymer takes on a more random coil conformation. At pH 3.5, the
polymer is essentially fully charged, and the stamped region has an average thickness of 1.6 nm.
When the pH of the stamping ink is raised, amine groups along the PAH chain become
unprotonated, and the resulting pattern increases in height due to the transfer of more material to
the surface. The pattern height is 2.5 nm with an ink pH of 7.0, 3.6 nm for pH 9.0, and reaches
6.1 nm for pH 11.0. The differences in thickness are statistically significant as determined by
ANOVA p-values less than 0.05 (see experimental section).

PAA/PAAm multilayers with patterned PAH were reacted with the heterobifunctional
protein crosslinker, Sulfo-L.C-SPDP in a pH 7.4 PBS solution for 30 min. Sulfo-LLC-SPDP is
commonly used to join two proteins containing an amine and a thiol group, respectively. We
adopted the process recommended by the manufacturer (Pierce Biotechnology) and tuned the
different process variables to functionalize our patterned multilayers. Sulfo-LC-SPDP attaches
to the PAH patterns through a covalent bond formed by the reaction between the N-
hydroxysuccinimide (NHS) group and a primary amine from the PAH. A high solution pH is
desired for the reaction, where the amine groups of PAH are not protonated; however, too high

of a solution pH would result in hydrolysis before reaction. After activation of the amine groups,
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the other end of the Sulfo-LC-SPDP molecule was reacted with a peptide containing a thiol
group in a pH 7.4 PBS solution. The thiol group reacts with the 2-pyridyl disulfide residue on
Sulfo-LC-SPDP to form a disulfide. The sequence, GRGDSPC, was selected because it contains
the RGD sequence known to promote cell adhesion in WT NR6 fibroblasts®, and it ends in
cysteine which contains a thiol group. A peptide labeled with dansyl chloride was used to check
the specificity of the reaction and to insure no peptide adhesion to the cell-inert regions. Dansyl
chloride is a molecule that fluoresces a blue-green color when attached to a primary amine.
Figure 3-1 shows fluorescent micrographs of dansyl chloride labeled GRGDSPC attached to
PAH stamped at pH 11.0 (a and b) on a 3.0/3.0 PAA/PAAm multilayer surface. The two
different patterns used in this assay were 200 x 100 um rectangles and lines of varying widths
(25 pm lines are shown). Fluorescence is only seen in the stamf;‘ed areas meaning the peptide

sequence only reacted with Sulfo-LC-SPDP attached to the PAH régions.

Figure 3-1. Fluorescence microscopy images of dansyl chloride labeled GRGDSPC sequences
attached to PAH (a) line and (b) rectangle patterns stamped at pH = 11.0 (Scale bar, 100 pm).

Using Adobe Photoshop, the intensity of the dansyl chloride fluorescent regions can be
analyzed to compare the relative number of peptides reacting on PAH regions created with
different ink pHs. The fluorescent patterns become brighter as the PAH ink pH increases

meaning a greater surface density of peptides. The average intensit'y for pH 3.5 is 0.21 compared
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to 0.31 at pH 7.0 and 0.55 for pH 9.0 (normalized to pH 11.0 intensity). The differences are
statistically significant and mean that ink pH offers a way to control the ligand surface density.
It should be noted that in this study, ligand surface density refers to ligands bound throughout the
thickness of the stamped material (up to 6.1 nm) since we assume cells can have access to all of
these ligands in the swollen state. We believe our technique to control ligand density through
simple pH adjustments in the stamping process is unique and offers process advantages
compared to the alternative and more traditional method of varying ligand density by exposing a
surface containing the same number of functional groups to solutions with different ligand
concentrations. One advantage to our method is that multiple ligand densities can be easily
introduced on the same surface by using multiple stamps inked at different pH. Figure 3-2
shows a fluorescent micrograph of such a surface presenting three different densities of
fluorescein labeled GRGDSPC (intensities similar to dansyl chloride labeled peptides at given
pH) attached to PAH stamped at pH 3.5 (vertical lines) and pH 11.0 (horizontal lines) on a
3.0/3.0 PAA/PAAm multilayer surface. This pattern was formed by first stamping the vertical
50 um lines with a stamp inked at pH 3.5 (faint lines), and afterwards stamping a second set of
lines with a stamp inked at pH 11.0 (brighter lines). Where the lines cross, a slightly higher
density (1.07 normalized to pH 11.0 intensity) of ligand is observed. This type of pattern, which
presents three different ligand densities on the same surface, would not be easily produced using

the usual method of controlling ligand density.
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Figure 3-2. Fluorescence microscopy image of fluorescein labeled ':(;‘vRGDSPC peptides attached
to PAH stamped at pH 3.5 (vertical lines) and pH 11.0 (horizontal lines) using two separate
stamps (Scale bar, 50 um).

To quantitatively determine the ligand density of the stamped regions, peptides
radiolabeled with I-125 were employed. The radioactivities of surfaces patterned with
radiolabled ligands were compared to known peptide concentrations to calculate the ligand
surface density. For samples stamped with PAH at pH 11.0, approximately 152,000
molecules/um2 of YGRGDSPC were attached to the pattemed varea. As expected, samples
stamped with a lower pH ink had much lower peptide surface densities. When the PAH ink pH
was lowered to 9.0, the ligand density dropped to 83,000 molecules/um?, and at ink pH 7.0, the
density fell further to 53,000 molecules/um”. At the lowest ink pH tested, 3.5, the lowest peptide
density, 25,000 molecules/um?, was obtained. Figure 3-3 displays a graph of these results.
These ligand densities are similar to those studied previously in fibroblast experiments on highly

compliant homogeneous surfaces>.
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Figure 3-3. Ligand surface density as a function of PAH ink pH calculated from radiolabeling
data.

3.3.2. Effect of Patterned RGD Density on WT NR6 Fibroblasts

After confirming the addition of GRGDSPC peptide sequences to the patterned PAH
regions on the cytophobic multilayer background, we studied the effects of RGD density on WT
NR6 fibroblast behavior. Cells were seeded at 10,000 cells/cm® and the attachment and
spreading on the patterned surfaces was monitored for 5 days (except samples for long term cell
resistance studies). Cells on samples stamped at pH 11.0 attached and spread to fill the patterned
area a few hours after seeding. In contrast, fewer cells attached on patterned multilayers created
with PAH inked at pH 3.5 and showed a rounded morphology. Even after 5 days, the patterns
created with the lowest RGD density (PAH ink pH=3.5) did not become confluent with cells.
Cells on surfaces patterned with intermediate RGD surface densities (pH 7.0 and pH 9.0)
displayed behavior in between these two extremes. Figure 3-4 shows a comparison (2 days after
seeding) of cell patterns. By visual inspection, more cells attach and pack closer together as the
RGD density increases. It can be seen from the micrographs that the cells on the lowest RGD

density patterns (pH 3.5) do not spread to nearly the same degree as on the higher density
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surfaces. These results are consistent with what is seen on non-patterned surfaces of compliant
polymers33. It can be concluded from this comparison that cell pattern density, as well as

number of cells attached, increases with RGD density in the range investigated.

Figure 3-4. Phase contrast images of fibroblast adhesion on 50 um patterned lines. Adhesion and
spreading were compared for PAH stamped from ink solutions of pH (a) 3.5 (b) 7.0 (c) 9.0 (d)
11.0. Dotted lines were added to indicate a few of the patterned lines (Scale bar, 50 um).

Patterns of different geometries were studied to determine the effect of line width or
island size on cell adhesion and spreading. Lines varying from 10 to 100 um were stamped
along with rectangles ranging from 50 x 100 pm to 150 x 300um. For all of the island sizes
tested at pH 11.0, the cells spread and filled most of the adhesive rectangles. Due to the size of
the rectangle patterns, multiple cells stuck to each island. For the line patterns tested, below a
line width of 50 pm, lines of single cells were obtained. At higher widths, multiple cells filled
the width of the adhesive lines. Figure 3-5 represents typical results from these cell assays. Cell

patterns monitored for up to 1 month displayed no loss in fidelity during this time period. The
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specificity of the ligand-integrin interaction was examined by two control experiments. First,
soluble RGD ligand (GRGDS) was added to the culture medium at a concentration of 100 uM.
In the presence of the soluble ligand, cells on the patterned area detached indicating a specific
interaction. In a second set of experiments, the peptide, GRGESPC, was substituted in the
surface fabrication procedure. The control sequence, RGE (arg-gly-glu) does not promote
adhesion*, and can be used to test the specificity of the ligand’s interaction with the cell’s
adhesion receptor. Ensuing cell assays showed no cell attachment, indicating a necessity for an

adhesion ligand on these patterned surfaces.

Figure 3-5. Phase contrast micrographs of WT NRG6 fibroblasts adhering to patterns of high
density GRGDSPC attached to PAH stamped at pH 11.0 on (a) lines with 25 um to 50 um
widths and (b) 100 pm x 200 pum rectangles two days after seeding (Scale bar, 200 um).

3.3.3. Effect of Patterned RGD Density on Cytoskeletal Protein Organization

To further study the differences RGD density invokes on patterned cells, we looked at the
cytoskeletal protein organization. Cell cytoskeletal organization is an important aspect
associated with variances in RGD density. The presence and arrangement of actin
microfilaments and focal adhesion points help indicate the degree of adhesion strength and are

central to adhesion signaling45 . Focal adhesions are micron-sized structures usually located near
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the periphery of the cell that form a strong adhesion to the substrate and secure bundles of actin
microfilaments within the cell. They consist of a variety of proteins including vinculin, talin, and
O-actinin, as well as signaling molecules such as focal adhesion kinase and paxillin®. Focal
adhesion formation has important consequences on cell processes such as migration and helps
determine adhesion strength. In this study, actin stress fibers were stained along with vinculin, a
protein present in focal adhesions. Figure 3-6 illustrates the different results from the
immunostaining corresponding to different GRGDSPC densities. Cells adhering to the patterns
of low RGD density created by stamping PAH at pH 3.5 do not show focal adhesions or stress
fibers spanning the cell’s body. When the RGD density is increased to 53,000 RGD/um? at
stamp ink pH 7.0, stress fibers begin to become distinguishable but distinct focal adhesions are
still not apparent. In contrast, cells on the higher RGD density patterns (83,000 RGD/um? and
152,000 RGD/um?*) form well-defined focal adhesions indicated by the bright green dashes
located mostly at the periphery of the cell. In addition, actin microfilaments span the length of
the cell. Clearly, the cytoskeletal proteins indicate a much s&ongcr interaction with the patterned

surface at a higher density of GRGDSPC.
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Figure 3-6. Immunostaining results for cytoskeletal proteins in WT NR6 fibroblasts. Actin stress
fibers and vinculin stains were compared for PAH ink pH’s of (1a and 2a) 3.5, (1b and 2b) 7.0,
(1c and 2¢) 9.0, and (1d and 2d) 11.0. The upper panel is composed of actin stains, and the

lower panel is vinculin stains, and stamped areas are inside dotted lines (Scale bar, 20 pm).

On the highest RGD density patterns (83,000 and 152,000 RGD/um?), a majority of cells
display well-formed stress fibers and focal adhesions. At similar RGD densities, Maheswari et
al. reported this extent of cytoskeletal organization by clustering RGD on star polymers>. There
are two possibilities why cells patterned on our very compliant multilayer films form well-
defined focal adhesions and stress fibers, similar to the extent seen by Maheswari using clustered
RGD. The first possibility is that our surfaces present clustered ligands. Ligand clustering could
occur in our patterning scheme due to the change in conformation of PAH at high pH. The
uncharged amine groups along the PAH backbone would tend to cluster together in the stamp ink
solution, which could transfer to the surface as clusters of free amines for subsequent reaction
with ligands. The other possibility is that our very swellable patterns by their nature present
ligands in a manner that causes cells to cluster their integrins to form focal adhesions and stress
fibers. Although more work needs to be done to determine which possibility is correct, this work

clearly demonstrates the ability to pattern cells with a high degree of cytoskeletal protein

66



organization using a very simply stamping process. This eliminates the need to perform specific
chemistry to cluster ligands or use fibronectin. It should be noted that on a much less compliant

surface, silanized glass, Massia and Hubbell*’

found the critical density of RGD to produce focal
adhesions in cells was 60 RGD/pum®. Similar to our results, other groups working with more
compliant polymer surfaces have found that significantly higher densities of RGD (ranging from
1,000 to well over 100,000 RGD/].LmZ)3 233, 41, 8 are necessary to promote focal adhesion
formation compared to the work by Hubbell and Massia. The rigidity of the surface along with
the cytophobicity of the background both seem to be important in determining the minimum
necessary RGD surface density to promote focal adhesion development.

We also looked at the role of geometry in stress fiber and focal adhesion formation. All
of the rectangular patterns (50 x 100 um and larger) were large enough for the cells to spread,
and the cells formed focal adhesions primarily near the boundary of the pattern at the highest
RGD density (data not shown). Figure 3-7 shows cells patterned on 10 (1a and 2a), 25 (1b and
2b), and 50 pm (1c and 2c) lines with the highest RGD density of 152,000 molecules/pum? On
the very thin lines, the cells extended to great lengths, but well formed focal adhesions and stress
fibers were not observed. However, the wider line widths allowed the cells to spread to a greater
degree in two dimensions, and as a result, the fibroblasts spread and were able to interact more
with the surface. In Figure 3-7, the bright green dashes near the periphery of the cells in 2b and
2c indicate the formation of focal adhesions, which are absent in 2a. These results are similar to
a recent study by Chen et al. where pattern sizes that allow cell spreading were found to induce

9

cell tension and focal adhesion formation®’. In this case and in ours, cells must be allowed to

adequately spread for formation of well-defined stress fibers and focal adhesions. The ability to
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control integrin clustering through geometry could have applicatioﬁs in studying cell processes

such as migration on a patterned surface since cytoskeletal proteins affect cell signaling.

Figure 3-7. Geometric effects on cytoskeletal organization. Actin stress fiber and vinculin stains
of WT NR6 fibroblasts attached to high density GRGDSPC, 152,000 molecules/umz, patterns of
(1a and 2a) 10 um, (1b and 2b) 25 um, and (1c and 2c) 50 um width lines. The upper panel is
composed of actin stains, and the lower panel is vinculin stains (Scale bar, 10 um).

3.4. Conclusions

We have demonstrated the ability to selectively attach WT NR6 fibroblasts to patterns
composed of different RGD densities on a cell resistant polyelectrolyte multilayer surface. By
stamping PAH, a weak polycation, we were able to control the RGD density simply through the
stamping conditions to create patterns of varying amounts of functional groups for consequent

reaction with the ligand, GRGDSPC. These patterns enabled us to study cell behavior at
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differing ligand density under geometric constraints. We found that cell attachment,
morphology, and cytoskeletal protein organization were affected by GRGDSPC density. This
new methodology to create ligand patterns is a very versatile technique to control cell activity as
well as cell alignment on these very compliant films. By using polyelectrolyte multilayers as the
cytophobic background, we gain the advantages associated with these thin films including
nanoscale control over thickness, ease of processing, and the ability to coat a wide variety of
substrates and geometries. Our method to control ligand density has the advantage of being able
to use the same reaction solution for many batches of samples without changing resulting ligand
density. This means higher uniformity of ligand surface density across many samples. In
addition, the patterns remain intact even after a month of cell culture making them superior to

EG resist surfaces.
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Chapter 4  Controlled Release from Porous

Polyelectrolyte Multilayers

Reproduced in part with permission from Biomacromolecules, submitted for publication. Unpublished
work copyright 2005 American Chemical Society."

4.1. Introduction

Controlled drug release materials have potential for utilization in biomedical implants,
tissue engineering, and targeted drug delivery devices. The advantages of controlled release
include greater drug effectiveness, better balanced drug concentrations in the body, and more
convenience to the patientl. In addition, when the drug releasing agents are targeted for specific
cell types or applied to an implant surface, they offer a means for local delivery, which reduces
toxicity and increases the efficiency of the drug. One example of a drug releasing implant is a
drug-eluting coronary stent for possible prevention of restenosis. Restenosis is a deleterious
process that results in the narrowing or closing of an artery after some cardiac surgeries. In this
application, coatings that elute a variety of drugs including anticoagulants, corticosteroids, and
antimitotic agents have been employedz’ 3. Porous materials offer a means to load such drugs and
perhaps better control their release. The porous polyelectrolyte multilayers discussed in this
paper can be designed to provide sustained release at a specified rate for a selected period of
time, and therefore offer very promising properties as stent coatings as well as many other
biomedical applications. In fact, one of the drugs studied, cytochalasin D, has been investigated
for possible prevention of restenosis.

Over the last decade, polyelectrolyte multilayers have shown a great deal of promise due

to the high degree of control over film properties, flexibility in choice of assembly components,
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and ease of processing possible with these layer-by-layer assembled thin films. Polyelectrolyte
multilayers are ultra-thin films, which are assembled one molecular layer at a time by taking
advantage of attractive interactions between the constituents’. These films have shown potential
in the area of biomaterials with particular applications in controlled cell-surface interactions®°,

1220 and biosensors®!. In the area of drug delivery, polyelectrolyte

cell arrays”, drug delivery
multilayers coated onto drug microparticles have been shown to prolong the release time of the
drug'®?. The permeability of the drug through the multilayer coating could be controlled
through changes in the number of layers and the polymers used during multilayer assembly.
However, the maximum release time achieved was only on the order of hours when using the
multilayer films as barriers. Longer release times have been achieved using thermoresponsive
multilayers containing poly(N-isopropylacrylamide-co-acrylic acid) to deliver such drugs as
insulin'® and doxorubicin'®. Another promising approach is degradable polyelectrolyte
multilayers, which have been studied for releasing DNA* or charged polymer drugs such as
heparin®. In this case, the films were built by alternating the selected drug with polyelectrolytes
containing hydrolytically degradable ester bonds. A linear release profile was generated as the
layers degraded and the drug could escape. Linear release means the rate of drug release remains
constant over time, which is a very desirable attribute because it leads to a consistent drug
concentration in a patient’s body. Polyelectrolyte multilayers have also been examined as drug
delivery coatings specifically engineered for stents®. In this case, sodium nitropusside was
loaded into the multilayers during the polycation assembly steps.

Our approach with polyelectrolyte multilayers is very different. Instead of using the

films as barriers to release or as degradable films, we utilized porous weak polyelectrolyte

multilayers as micro- or nano-scale containers for holding and releasing the drug. A similar
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strategy for controlled release has been used for porous silicon®® %

, which is capable of sustained
release of drug molecules over the course of hours to a few days. However, there are many
distinct advantages to polyelectrolyte multilayers. Besides their ability to coat virtually any
substrate, the key parameters of weak polyelectrolyte multilayers such as bilayer thickness and
composition can be modified through simple pH adjustment during assembly? 8. Also, polymers
provide a better means to mimic biological materials compared to silicon. Mendelsohn et al.”
were the first to demonstrate a porosity transition in certain multilayers made from the weak
polyelectrolytes, poly(allyl amine hydrochloride) (PAH) and polyacrylic acid (PAA). Since that
time, these porous films have been suggested for use in many optical applications such as anti-
reflection coatings3°, Bragg reflectors®!, and optical shutters®®. In this work, we present data
indicating that these pores can be loaded with small molecule drugs for controlled release in a
buffer solution. Polyelectrolyte multilayers loaded with charged drugs have previously
demonstrated controlled release into aqueous solutions' "7, but the films released small
molecules very quickly in a buffer solution". In contrast, porous PAH/PA A multilayers extend
the total release time to many days in buffer. In addition, by changing the number of layers and
pore size, the release duration and rate can be controlled. Finally, we show that multilayer
heterostructures composed of alternating porous and non-porous regions act as dielectric mirrors

that allow the drug loading process to be monitored optically. It should be noted that part of the

work in this chapter has been done in collaboration with Dr. Lei Zhai at MIT.

4.2. Experimental Methods

Materials. Poly(acrylic acid) (PAA) (MW = 90,000; 25% aqueous solution) was

purchased from Polysciences. Poly(allylamine hydrochloride) (PAH) (MW = 70,000),
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poly(sodium 4-styrene-sulfonate) (SPS), Cytochalasin D, and ketoprofen were purchased from
Sigma-Aldrich. Dulbecco’s Phosphate Buffered Saline (PBS) solution was obtained from
Gibco/Invitrogen. All materials were used without any further purification.

Substrate Preparation. As described previously”, polyelectrolyte multilayer films were
assembled using a layer-by-layer dipping technique. The dipping process was automated by an
HMS programmable slide stainer from Zeiss, Inc. Dilute polyelectrolyte solutions were prepared
(10 M based on repeat unit of the polymer) with 18 MQ Millipore water, and were pH-adjusted
with HCl or NaOH. PAH/PAA multilayers were built by alternately adsorbing PAH (pH=8.5)
and PAA (pH=3.5) from 10> M aqueous solutions for 15 minutes onto a glass microscope slide
or a PAH/SPS block. Between polymer solutions, the substrate was taken through a series of
three rinse baths of 18 M Millipore water for 2, 1, and 1 minute, respectively. This procedure
was repeated until either 5, 8, 15, or 20 bilayers were built. A bilayer is defined as a layer of
polycation and polyanion. PAH/SPS multilayers were assembled using 10 > M aqueous
solutions of PAH (pH=4.0) and SPS (pH=4.0) with 0.1 M NaCl added to the solutions. For these
blocks, the substrate was immersed for 5 minutes in the polyelectrolyte solutions followed by the
same rinsing procedure described above. The PAH/SPS blocks contained 50, 50.5, or 130
bilayers.

The multilayer films were assembled to contain either a single porous PAH/PAA region
or an architecture composed of PAH/PAA and PAH/SPS alternating blocks. For films
containing both types of blocks, a 50.5 bilayer block of PAH/SPS was assembled first, followed
by alternating blocks of PAH/PAA and PAH/SPS with PAH/SPS left as the last block. The
designations for all the films fabricated are presented in Table 4-1, where, for example

(PAH/PAA);s corresponds to 15 bilayers of PAH/PAA.
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Porosity Induction. The assembled polyelectrolyte multilayer films were immersed in
pH 2.0, 2.2 or 2.3 water for 5 minutes followed by treatment in pH 5.5 (DI water) or pH 10.0
NaOH solution for 5 minutes. This sequential process creates either nanoporous or microporous

films depending on the pH treatment as previously described”” *!

. After the porosity transition,
the films were then heated at 180 °C for 2 hours to crosslink the films and lock in the porous
structure.

Drug Loading and Release. The model drugs, ketoprofen and cytochalasin D, were
loaded into the porous multilayer films through either absorption or by wicking from a DMSO
solution. For films loaded using absorption, the multilayers were immersed in the drug solution
for 8 hours. The wicking experiments were carried out by placing the edge of the multilayer film
into the drug solution and allowing the drug solution to wick up the film for 8 hours. Films were
then rinsed in phosphate buffered saline (PBS) for 2 hours to displace the DMSO and eliminate
any loosely bound drug. When DMSO filled the pores in the films, the reflectivity changed
drastically, so, this phenomenon could be used to monitor the drug loading the pores and
removal of DMSO during rinsing. After rinsing, samples were submerged in PBS, and the
release of the drug was then monitored using a Cary 6000i UV-VIS NIR spectrophotometer from
Varian. An aliquot was taken from the PBS solution (in which the sample was submerged), and
the absorbance peak height of the aliquot was measured at 260 nm for ketoprofen or 280 nm for
cytochalasin D. Finally the aliquot was returned to the sample container. The absorbance values
were translated to concentration values by comparing to standard solutions for each drug.
Standard solutions were prepared in PBS ranging in concentration from 10 ng/mL to 1000
ng/mL, and the applicability of Beers Law was confirmed for the absorbance values obtained in

the drug release studies. After converting the absorbance peak heights to concentration values,
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they were plotted versus time until a plateau was reached and persisted for at least 10 days. The
total amount of drug released from the films was obtained from the value of drug concentration
in the plateau region of the graph, and the time at which the plateau first developed was the total
release time. For nanoporous films, in which the release curve was linear, the release flux could
be obtained from the slope of a line fitted to the data.

Cell Culture. Murine wild type (WT) NR6 fibroblasts were provided by Prof. Linda
Griffith’s laboratory at MIT for the cell culture experiments. These fibroblasts are a cell line
derived from NIH 3T3 cells. Unless noted otherwise, all materials used for cell culture were
purchased from Gibco/Invitrogen. The substrates coated with cytochalasin D loaded multilayer
films were sterilized by treatment with 70% (v/v) ethanol. As studied in previous workg, the
sterilization procedure does not change the properties of the multilayer films. The WT NR6
fibroblasts were cultured in pH=7.4 media comprised of Modified Eagles Medium-o. (MEM-0))
with 7.5% (v/v) fetal bovine serum (FBS), 1% (v/v) sodium pyruvate (100 mM), 1% (v/v)
nonessential amino acids (10 mM), 1% (v/v) Geneticin (G418) antibiotic (350 ug/ 10 mL PBS),
1% (v/v) L-glutamine (200 mM), 1% (v/v) penicillin (10,000 U/mL, from Sigma), and 1%
streptomycin (10 mg/mL, from Sigma). Cells were kept in a humid incubator at 37.5 °C and 5%
COa.

For cell assays, WT NR6 fibroblasts were counted using a hemocytometer with trypan
blue exclusion for cell viability, and seeded at ~10,000 cells/cm® onto the substrates.
Micrographs documenting cell growth, spreading, and morphology were taken using a Nikon
Eclipse TE300 inverted phase contrast microscope with Openlab 3.0 software.

DAPI staining. After the WT NRG6 fibroblasts were on either the control or cytochalasin

D releasing surfaces for 3 days, the nuclei were stained with 4',6-Diamidino-2-phenylindole
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dihydrochloride (DAPI) to elucidate the effects of cytochalasin D. All products were purchased
from Sigma-Aldrich, and dilutions were made in PBS. Cells were fixed with 3.7% formaldehyde
solution and made permeable with 0.1% Triton X-100. The nuclei were then stained with 0.5
ug/mL DAPI solution for 15 minutes. A Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss
Inc., Thornwood, NY) with a high-resolution digital camera was used to take pictures of the
stained samples.

Film Characterization. Dry film thicknesses were obtained using a Tencor P-10
Surface Profiler (Tencor, Santa Clara, CA). Each data point presented represents an average of
at least three independent measurements. The error for profilometry was approximately 3%.
The Digital Instruments Dimension 3000 atomic force microscope (AFM) (Digital Instruments,
Santa Barbara, CA) was used in tapping mode to obtain topographical information about the film
surface including average pore sizes and range in pore size.

Statistical Analysis. Analysis of variance (ANOVA) was used to test the statistical
significance of release rate and amount released for the samples. ANOVA determines whether
or not the variance in drug release between different multilayer architectures is greater than the
variance within samples of the same multilayer architecture. A p-value (or probability value) of
the ANOVA test that is less than 0.05 means the drug release properties are statistically different

(based on a 5% confidence level).

4.3. Results and Discussion

4.3.1. Porous Film Characterization

In this study, two types of polyelectrolyte multilayer architectures were examined. These

included multilayer films with only a single porous region, and heterostructure films containing
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both porous and non-porous regions. Previous work demonstrated that structures with
alternating porous and non-porous regions behave as dielectric mirrors due to the difference in
the indices of refraction of the different regions and that these porous heterostructures could be
loaded with small molecules such as liquid crystals®. Both types of multilayer films were
loaded with either ketoprofen or cytochalasin D. In addition to these materials, we have
successfully loaded and released progesterone, indomethacin, camptothecin, and beta-estradiol
from nanoporous multilayers. Ketoprofen and cytochalasin D were selected from this group to
study in detail: their chemical structures are shown in Figure 4-1. Cytochalasin D prevents cells
from undergoing mitosis (discussed in detail in a later section) and therefore was used as a
marker to prove that a drug released from a porous multilayer remains functional. Ketoprofen is
an interesting drug because in neutral to high pH environments, the acid group loses its proton
and becomes charged and relatively hydrophilic**. Ketoprofen and cytochalasin D were each
dissolved in DMSO and loaded into the films using two methods: absorption and wicking. In the
absorption process, the whole film was submerged in the drug solution, whereas only the edge of
the film was brought into contact with the drug solution in the wicking method. By creating
films that behave as dielectric mirrors, it was possible to monitor the wicking process through the
change in reflectivity that occurs as the pores were filled with the DMSO solution during

loading. This phenomenon will be discussed in detail later.

80



a) Cytochalasin D b) Ketoprofen

HO\C /CHs

0=C/ \CH

H’C_‘::” G 2 GH O
fllhlz CHO—C—CHj, crlq——(l,-—-on
HC

X

=
<]

5=
o

o; =0

NH

HC
CHS Hzc@

Figure 4-1. Chemical structures of (a) cytochalasin D and (b) ketoprofen.

Due to the molecular level control over assembly, many different parameters can be
tuned in the multilayer heterostructures including the number of porous bilayers, number of non-
porous bilayers, the arrangement of the porous bilayers (one region in the middle or several
regions throughout the film), and the pore size (controlled post-assembly). Nine different
architectures of polyelectrolyte multilayers were prepared to examine the effect that varying
these parameters had on the drug release properties. Table 4-1 lists the different polyelectrolyte
multilayers assembled, the dry film thicknesses before and after porosity induction, and the
notation used for each film. There were three basic structures incorporated in this study. First,
films were assembled that contained only porous PAH/PAA multilayers. These films are
designated as 8NP, 15NP, 20NP, 15MP, and 20MP. In the notation, yNP or yMP, y refers to the
number of porous PAH/PAA bilayers, and NP or MP is short for nanopores or micropores,
respectively. The second basic structure examined was a sandwich structure (50-8NP-50, 50-
5NP-50, 50-8NP-130) comprised of a porous region between non-porous regions. In the
nomenclature, x-yNP-z, x is the number of non-porous PAH/SPS bilayers (nomenclature
truncated to 50 from 50.5) nearest the substrate, y is the number of nanoporous PAH/PAA

bilayers in the middle of the sandwich structure, and z is the number of non-porous PAH/SPS
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bilayers in the outermost region of the film. Finally, one multilayer film was built in a multi-
stack architecture (50-3(SNP-50)) containing 7 alternating non-porous and nanoporous regions.
The region closest to the substrate contained 50.5 non-porous PAH/SPS bilayers. The other 6
regions were alternating nanoporous regions composed of 5 PAH/PAA bilayers and non-porous
regions composed of 50 PAH/SPS bilayers. This configuration left PAH/SPS layers as the
outermost region of the film.

Table 4-1. Thickness of multilayer films before and after porosity transition and thickness

increase due to porosity induction. NP designates nanoporous films and MP designates
microporous films.

Notation Thickness w/o Thickness w/ Thickness
pores (nm) pores (nm) increase (nm)

(PAH/PAA)s NP 8NP 101 253 153
(PAH/PAA);sNP  15NP 202 373 171
(PAH/PAA),)NP  20NP 296 476 180
(PAH/SPS)s05 - 50-5NP-50 251 327 77.5
(PAA/PAH); —
(SPS/PAH)so NP
(PAH/SPS)s05 — 50-8NP-50 296 391 95.7
(PAA/PAH); -
(SPS/PAH)s, NP
(PAH/SPS)s05 — 50-8NP-130 494 577 83.4
(PAA/PAH); —
(SPS/PAH);30 NP
(PAH/SPS)s05 — 50-3(5NP-50) 551 688 137
[(PAA/PAH)s -
(SPS/PAH)s0]3 NP
(PAH/PAA),;s MP 15MP 202 521 320
(PAH/PAA),)MP  20MP 296 625 329

The nanoporous films had an average pore diameter of 100 nm, and the pores ranged in
diameter from approximately 10 nm to 150 nm (obtained through AFM and SEM, data not
shown). The microporous films had pores ranging in diameter from approximately 300 nm to 2
microns with an average pore diameter of 1.0 micron. As shown in Table 4-1, the increase in

film thickness due to the introduction of pores depended greatly on the architecture of the film.
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In general, thicker multilayers showed a smaller percentage increase in thickness after the
porosity induction. In addition, the introduction of non-porous regions further reduced the
change in thickness resulting from pore formation. Details concerning the origin of this behavior
have been previously reported’’. Figure 4-2 shows AFM images of non-porous, nanoporous, and

microporous 20 bilayer PAH/PAA films as examples of the surface morphology.

Figure 4-2. AFM images of (a) non-porous (image size = 1x1um), (b) nanoporous (image size =
1x1pm), and (c) microporous (image size = 5x5um) 20 bilayer PAH/PAA multilayer films.

4.3.2. Loading and Releasing Drugs

Both absorption and wicking from DMSO solutions provided efficient loading of
ketoprofen and cytochalasin D. The wicking technique involved dipping one end of the film into
the drug solution and allowing the liquid to wick up the film. Drug solutions only wicked into
the porous regions when the films had a sandwich or stacked structure, which means the non-
porous regions were necessary to provide sufficient capillary force for the wicking process.
Thus, it was necessary to load the 8NP, 15NP, 20NP, 15MP, and 20MP films by the absorbance
method. The wicking technique was developed in previous work, where it was shown that liquid
32

crystals or ionic liquids could be successfully loaded into both nanoporous® and microporous

polyelectrolyte multilayers with outermost non-porous regions. As mentioned earlier, the

83



wicking front could be observed by the change in reflectivity of the polyelectrolyte multilayer
films as the DMSO solution filled the pores. Figure 4-3 demonstrates this principle by showing
a 50-3(SNP-50) multilayer film being loaded with 0.2 mg/mL cytochalasin D in DMSO. The
change in color halfway up the film is due to the drug solution filling the pores and changing the
film’s reflectivity. The schematic next to the photograph depicts an edge on view of the porous
regions filling with drug solution as the wicking proceeds. The wicking process took only a few
minutes, but films were left for 8 hours in the drug solution. Films were also loaded with drugs
by submerging the entire film into the drug solution and allowing it to absorb for 8 hours. This
method allows the use of non-planar substrates and films without non-porous regions. Similar
results were obtained from both loading techniques as long as the samples were thoroughly
rinsed after the loading step. As a control, we attempted to load drugs into sandwich structured
films with closed pores using both loading techniques. The wicking process was unsuccessful
for these controls, and when drugs were absorbed into the films, the entire amount released in a
few minutes during the rinse step. These control experiments indicate that open pores in the
multilayers are essential for loading and controlled release of these particular drugs. To simplify
matters, all data in the remainder of this paper were obtained from samples loaded via the

absorption loading technique since it could be applied to all of the film architectures.
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Figure 4-3. A DMSO solution containing 0.2 mg/mL cytochalasin D in the process of wicking
into a 50-3(5NP-50) polyelectrolyte multilayer film and a schematic of the process. The change
in reflectivity halfway up the film is due to the pores being filled with solution. The schematic
next to the photograph is an edge on view of the wicking process.

Drug-loaded samples were rinsed for 2 hours in PBS to remove loosely bound drug and
to displace DMSO. After rinsing and drying the porous multilayers, the reflectivity of the loaded
(but DMSO-free) multilayers returned to essentially the same value observed before the loading
process. The amount of drug loaded into the pores was therefore too small to affect the films’
optical properties. This suggests that the drug does not fill the pores, but only coats the pore
walls. Figure 4-4 displays the drug release results from 50-3(5NP—50) and 15MP films as
examples of typical release profiles for a nanoporous and a microporous film, respectively. All
nanoporous samples displayed zero-order release kinetics (constant slope on an amount released
versus time plot) for nearly the entire time of the experiment. The deviation from zero-order
kinetics in the last day or two results from the drug nearing total depletion. In contrast, the

microporous films showed a release behavior that was far from linear, as shown in Figure 4-4.

The differences between these two release behaviors will be discussed in detail in a later section.
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Figure 4-4. Plot of the cumulative amount of cytochalasin D released from 50-3(5NP-50) and
15MP films as a function of time (drug loaded from a 0.2 mg/mL DMSO solution in both cases).

For both nanoporous and microporous films, the samples were monitored for 10 days
after the drug concentration in the PBS release solution reached a constant value. To determine
if the build-up of drug concentration in the PBS release solution affected the total amount of drug
released, each sample was placed in fresh PBS and monitored for 5 additional days following the
above mentioned protocol. No more drug eluted, indicating that the drug concentration in
solution did not influence the endpoint of release.

To study the effect of drug concentration in the DMSO loading solution, two different
concentrations of each drug were used for a subset of nanoporous films. For ketoprofen, 0.2
mg/mL and 10.0 mg/mL concentrations were examined, and for cytochalasin D, 0.2 mg/mL and
1.0 mg/mL concentrations. Figure 4-5 shows that for all film architectures, the loading
concentration had little effect on the total release time or release rate: these parameters increased
slightly with an increased drug loading concentration, but most of the results were not
statistically different. These results indicate that the amount of drug adsorbed to the pore walls is
unaffected by the loading concentration. In other words, the ultra-thin coating of drug on the

pore walls appears to be self-limiting.
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Figure 4-5. Graphs comparing the (a) total time to release and (b) release flux for ketoprofen and
cytochalasin D at different loading concentrations. The solid bars are data from a film loaded
with a 0.2 mg/mL DMSO loading solution, and the hatched bars are data from a film loaded with
a 1.0 mg/mL solution for cytochalasin D and 10.0 mg/mL solution for ketoprofen.

Table 4-2 summarizes the release data for the multilayer films examined in this study
with a loading concentration of 0.2 mg/mL for both ketoprofen and cytochalasin D. The
multilayers in Table 4-2 were chosen to illustrate the effects of various key structural parameters
on the drug release behavior of both homogeneous porous multilayers and multilayer
heterostructures. These structural parameters included the number of porous bilayers, number of
non-porous bilayers (in multilayer heterostructures), and the average pore size. Two important
trends are observed in Table 4-2 and Figure 4-5. The first trend is that the total time to release
increases as the number of porous bilayers increases. The second is that release flux stays

relatively constant for a given drug but depends on whether the film is nanoporous or

microporous. These trends will be discussed further in the next section.
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Table 4-2. Release data for each film and drug tested at a drug loading concentration of

0.2mg/mL.
Film Drug Total Release Release Flux Total Amount
Time (days) (ng/cmzlday) Released
(ng/om’)
8NP ketoprofen 7.8 28.2@ 219
cytochalasin D 11.9 23.1 275
15NP ketoprofen 15.6 22.8 356
cytochalasinD  24.3 17.2 418
20NP ketoprofen 18.4 22.0 405
cytochalasinD 339 16.0 543
50-5NP-50 ketoprofen 4.5 25.8 116
cytochalasin D 7.8 20.3 158
50-8NP-50 ketoprofen 8.0 27.8 223
cytochalasin D 11.6 22.3 259
50-8NP-130 ketoprofen 7.5 27.7 209
cytochalasin D 11.0 22.1 243
50-3(5NP-50) ketoprofen 11.9 26.8 319
cytochalasinD  22.3 19.5 435
15MP Ketoprofen 6.0 50.7® 304
cytochalasin D 14.0 33.6 471
20MP ketoprofen 1.5 48.0 360
CytochalasinD  16.0 32.3 517

@For all NP films, the release flux was independent of time. ”The reported values of

release flux for MP films are effective mean values obtained by dividing the total amount of drug
released by the total release time.

4.3.3. Effect of Film Architecture on Release

By examining the results from the 8NP, 50-8NP-50, and 50-8NP-130 films, it can be
concluded that the PAH/SPS non-porous layers have no significant effect on the drug release
properties. For these three films, the total release time, release flux, and total amount released
are statistically the same. This result is not surprising since small molecule drugs have been
shown to have high mobility in non-porous polyelectrolyte multilayers in a buffered
environment' °, In previous reports, it was found that both PAH/PA A multilayers (non-porous)
loaded with dye'> and PAH/SPS multilayers built on drug particles'® released the dye or drug

molecules in a few minutes or less in a buffered environment. However, the non-porous film
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regions do have important properties that influence drug loading and release. In our
experiments, they allow the drug solution to wick into the porous regions during the loading
process if this technique is desired. Second, these results show that the non-porous regions do
not inhibit the drug release when stacked on top of the porous regions. This characteristic could
be useful in applications where functionalizing the surface is required for controlling interactions
with biopolymers or cells. In addition, non-porous regions can be incorporated to make the films
into dielectric mirrors that could be utilized as optical sensors.

The release flux did not change significantly when the number of porous layers was
increased in films with a given magnitude of pore size (nanoporous or microporous). Comparing
the full set of nanoporous films: 8NP, 15NP, 20NP, 50-5NP-50, 50-8NP-50, 50-8NP-130, and
50-3(SNP-50), Table 4-2 and Figure 4-5 show that most exhibit a similar release flux,
approximately 27 + 2 ng/cm?/day for ketoprofen and 21 + 3 ng/cm?/day for cytochalasin D . The
films with 15 and 20 nanoporous bilayers show a slight reduction in flux, perhaps due to the
lower thickness per bilayer of the porous region in these films which leads to a morphology
change of the porous region. However, when the porous region is split by non-porous regions as
in the case of the 50-3(SNP-50) films, the release flux is statistically the same as the 50-5NP-50
films.

For the nanoporous films, the total time to release the drug was directly proportional to
the number of bilayers in the porous region(s). Figure 4-6 shows the total release time for each
nanoporous system normalized by the number of bilayers in the porous region(s). Thus, the total
release time is simply connected to the supply of drug in the nanoporous structure. Even if the
porous region is split by a non-porous region, this proportionality holds, as apparent by the 50-

3(SNP-50) film. For the nanoporous films, the average total release time is approximately 0.9
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days/bilayer for ketoprofen and 1.5 days/bilayer for cytochalasin D. Because of this
proportionality, longer release time periods than what is demonstrated in this study
(approximately a month) are possible by increasing the number of porous bilayers in the film.
However, this proportionality will be limited by the fact that uniform porosity transitions may

not be possible for much thicker films.
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Figure 4-6. Total time of drug release normalized by the number of bilayers in the film. Drugs
were loaded by absorption from a 0.2 mg/mL DMSO solution. Black bars represent total release
time per bilayer for ketoprofen, and hatched bars represent total release time per bilayer for
cytochalasin D.

As can be seen from these data, the total amount of released drug and the release flux are
not drastically different for ketoprofen and cytochalasin D. Cytochalasin D does release
somewhat slower and with a higher total amount released for all films in the study, but the
difference is small considering the differences in structures and properties of the two drugs.
Future work needs to be performed to elucidate the reasons for these subtle differences and

determine the role that drug properties such as hydrophobicity and charge play in the release

properties.
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4.3.4. Release from nanoporous versus microporous films

In order to gain a better understanding of the observed zero-order release kinetics shown
by the nanoporous films, drug release from microporous multilayers was also investigated. The
15MP and 20MP films contained micropores of approximately 0.3 to 2.0 um in diameter. It was
demonstrated earlier (see Figure 4-4) that these microporous films released drugs at a faster rate
than the corresponding nanoporous structures. In addition, the constant release rate (zero-order
kinetics) of nanoporous films was not observed for the microporous films. This important pore-
size dependent difference in release mechanism is analyzed below.

The relative amount of drug released from both the microporous and nanoporous films
can be described using a model developed by Peppas et al.®,

M
—L=[" 1
M D

where M, is the total amount of drug released at time t, M.. is the total amount of drug released as
time goes to infinity, k is a constant, and n is the exponent characteristic of the release
mechanism. The value of n is equal to 1 for zero-order kinetics and is equal to 0.5 for Fickian
diffusion. The drug release from the microporous films follows a Fickian diffusion mechanism.
This is revealed in Figure 4-7a by how well the data fit to Equation 1 (using least squares) with n
as 0.5. In contrast, the nanoporous films followed zero-order release kinetics as observed in
Figure 4-7b. In this case, the data were described well by Equation 1 when n is set equal to 1.
From this comparison, it is clear that the release mechanisms of microporous and nanoporous

films are fundamentally different.
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Figure 4-7. Comparison of ketoprofen and cytochalasin D release from (a) 20MP multilayers and

(b) 20NP multilayers along with fitted curves from the model discussed in the text.

The reason for zero-order release kinetics from nanoporous films, but not from
microporous films arises from differences in film morphology. The microporous and
nanoporous film morphologies are represented schematically in Figure 4-8 to illustrate these
differences. Micropores fill almost the entire thickness of the multilayer films and are very open
to the surface. In contrast, only a small fraction of the pores are open to the surface in the
nanoporous films. Since the micropores are open to the surface, the drug release follows Fickian

behavior as it desorbs/dissolves from the pore wall. This phenomenon can be visualized as an

open container where the molecules are free to diffuse into the continuous medium shown in
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Figure 4-8a. The nanopores present a much different release mechanism where drug must
release from a few openings on the surface. These “defects” are very infrequent in number
relative to the total supply of drug molecules, a situation known to favor zero-order release
kinetics®® ¥’. Inside the nanoporous films submerged in buffer solution, transport of the drug
molecules is fast. When a molecule of drug is released from one of the defects (a nanopore at the
surface), it is replaced by another on a timescale that is fast compared to the release mechanism.
Thus the observed release is dominated by the slower, defect-controlled zero-order mechanism.
Brooke and Washkuhn modeled this effect using a geometric gradient with a large supply of

38

drug compared to a small opening for release™. This model, which captures the drug release

behavior of nanoporous multilayers, is represented schematically in Figure 4-8b.
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Figure 4-8. Schematic of porous multilayer films and implications on drug release for (a)
microporous and (b) nanoporous films. The top drawing in each subsection represents an edge-
on view of the multilayer, and the bottom drawing in each subsection compares conceptually the

overall pore structure of a multilayer film to a single drug-containing vesicle.

4.3.5. Cytochalasin D Release to Mammalian Cells

To demonstrate that a drug released from a nanoporous multilayer platform maintained
its functionality, cytochalasin D was released into a culture of fibroblasts. Cytochalasin D
inhibits cytoplasmic cleavage by blocking formation of contractile microfilaments resulting in
multinucleated cells”. WT NR6 fibroblasts were grown on the surface of 50-5NP-50, 50-8NP-
50, and 50-3(5NP-50) films with and without cytochalasin D loaded into the pores. In all cases,

the influence of the cytochalasin D release could be easily seen in the change in the morphology
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of the fibroblasts. Figure 4-9 shows micrographs of fibroblasts on 50-3(S5NP-50) films with
DAPI stained nuclei. In the case of films loaded with cytochalasin D, the cells were multi-
nucleated, and had a much different morphology compared to control samples. This effect arises
from the cells’ inability to form actin stress fibers in the presence of cytochalasin D. The effect
of the cytochalasin D release first became apparent approximately two days after cell seeding.
The change in morphology and number of multi-nucleated cells increased on the third and fourth
days before finally killing the cells. Cytochalasin D was also added directly to the cell culture
media of fibroblasts seeded on tissue culture polystyrene at concentrations ranging from 100 to
1000 ng/mL (concentrations typical in cell biology experiments®®) for comparison. The resulting
morphology of cells exposed to 200-400 ng/mL cytochalasin D was similar to that shown in
Figure 4-9. These results demonstrate that cytochalasin D is still functional after release from

the porous multilayer film.
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Figure 4-9. Microscope images of fibroblasts three days after seéd‘ing on 50-3(5NP-50) films
with (a) no cytochalasin D and (b) cytochalasin D loaded from a 0.2 mg/mL DMSO solution.
Nuclei were stained with DAPL.

4.4. Conclusions

We have developed porous polyelectrolyte multilayer ultra-thin drug delivery systems in
which the amount of drug loaded into the film along with the rate at which it is released can be
controlled by changing structural parameters of the film. Ketoprofen and cytochalasin D were
studied to represent different types of drugs that can be loaded and released from these

multilayer films. The amount loaded and released could be tuned by varying the number of
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bilayers in the porous regions of films, and the release flux of a given drug could be controlled
by varying the pore size. Microporous films released drug in accordance with Fickian diffusion,
whereas the drugs loaded into nanoporous multilayers followed zero-order release kinetics.
Incorporation of PAH/SPS non-porous layers in multilayer films had no distinguishable effect on
the release behavior. However, the use of multilayer heterostructures that behaved as dielectric

mirrors made it possible to monitor the drug loading.
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Chapter S  Bacteria Killing Properties of Silver-Loaded

Polyelectrolyte Multilayers

5.1. Introduction

The adhesion of bacteria to surfaces can cause very severe problems including wound
infection, corrosion of industrial systems, and public health issues. In addition, bacterial
adhesion can also lead to biofilm formation, which is a complex formation of many different
bacteria species, a polysaccharide matrix, and nutrient channels!. The bacteria in biofilms are
less susceptible to antibiotics since they exist in a slow growing state and can protect themselves
with the polysaccharide matrix'. In an attempt to prevent biofilm formation, many surface
treatments have been developed to potentially kill bacteria on contact or leach an antimicrobial
agent out into the environment. A great deal of the research efforts have focused on using either
quaternary amines” >, chitosan®, furanones’, or metals with intrinsic antibacterial properties such
as silver™? as antibacterial agents. Of the metal ions studied, silver is extremely promising due
to both its effectiveness in killing bacteria and its biocompatibility.

12 1 fact, the

Silver has been a well known antimicrobial agent for many centuries
Romans used silver nitrate as a therapeutic agent 2000 years ago. The released silver ions are
able to attach to biomolecules containing sulfur, nitrogen, or oxygen,'® and can kill bacteria by
interfering with its DNA replication and protein production'®>. Moreover, since it attacks a
number of sites, very few bacteria strains are resistant to it'*. It has also been demonstrated in

numerous studies to be non-toxic to mammalian cells in culture> 'S, In recent reports, silver has

been immobilized on surfaces using a variety of techniques including complexation of silver ions
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with polymers’, electroless deposition®, dispersion of silver powder in a polymer matrix'®, and
formation of silver nanoparticlcsg’ #1720 The advantages of silver nanoparticles include their
high surface to volume ratio and fine control over size possible in many synthesis routes. In situ
synthesis of silver nanoparticles in solid matrices is especially appealing since it allows precise
control over how and where the nanoparticles are incorporated. In previous work'”", it was
found that one effective matrix for controlling metal nanoparticle synthesis is polyelectrolyte
multilayers.

Polyelectrolyte multilayers are a relatively new class of materials that have received a
great deal of attention in research laboratories since they were first introduced slightly over a
decade ago®" 2. These ultra-thin polymer films offer unique control over thickness, molecular
architecture, and properties due to their layer-by-layer assembly. In addition, their design is
extremely flexible due to the variety of materials which can be included into the films and the
simple, aqueous-based processing conditions. Their processing leads to conformal coatings over
even complex geometries. As biomaterials, polyelectrolyte multilayers have been utilized as

2933 and cell arrays“. Of the

drug delivery devices>?’, biosensors®, cell mediated coatings
different materials incorporated into multilayers, weak polyelectrolytes offer the unique ability to
tune film properties such as incremental layer thickness, number of free functional groups, and
mechanical properties® with simple pH adjustments during the assembly process®® ¥, This
tuning is possible since the charge density along the chain of a weak polyelectrolyte changes
when the solution pH is adjusted. Wang et al. used the advantageous properties of weak
polyelectrolytes to control the density of free carboxylic acid groups in multilayer films when
18

polyacrylic acid (PAA) was chosen as the polyanion™. The free carboxylic acid groups in the

multilayer were utilized as nanoreactors for in situ silver nanoparticle synthesis using an ion
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exchange and subsequent reduction. The number of these free acid groups proved important in
controlling the number and size of silver nanoparticles. In addition, the process allowed
recovery of the carboxylic acid groups, so multiple silver loadings were possible. Bruening and
coworkers also successfully incorporated silver nanoparticles into polyelectrolyte multilayers
using films composed of polyethyleneimine — metal ion complexes and polyanions'®, and they
demonstrated their efficacy as antibacterial coatings.

We use a very similar nanoparticle synthesis route to that developed by Wang et al.
However, we utilize hydrogen-bonded polyelectrolyte multilayers composed of poly(acrylic
acid) (PAA) and polyacrylamide (PAAm) instead of PAA/PAH multilayers. In addition, the
silver reduction is performed in a solution of dimethylamine-borane (DMAB) instead of
hydrogen gas. PAA/PAAm multilayers were previously found to show great resistance to
mammalian cell adhesion for long periods of time with even a few layers®. Incorporation of
silver nanoparticles into these films results in surfaces that not only kill bacteria, but render the
surface inert to mammalian cell adhesion. The synthesis of silver nanoparticles in the
multilayers, antibacterial properties, cytotoxicity effects, and long term release properties were

researched in this work.

5.2. Experimental Methods

Materials. Poly(acrylic acid) (PAA) (MW = 90,000; 25% aqueous solution) and
polyacrylamide (PAAm) (MW = 5,000,000; 1% aqueous solution) were purchased from
Polysciences. Poly(allylamine hydrochloride) (PAH) (MW = 70,000) and silver acetate were
bought from Sigma-Aldrich. Dimethylamine - borane (DMAB) was purchased from Alfa Aesar.

Dulbecco’s Phosphate Buffered Saline (PBS) solution was obtained from Gibco/Invitrogen.

103



Alamar Blue™ was procured from Biosource International. Sulfosuccinimidyl 6-[3’-(2-
pyridyldithio)-propionamido] hexanoate (Sulfo-LC-SPDP) was purchased from Pierce
Biotechnology. Peptides containing the amino acid sequence, GRGDSPC, were obtained from
the MIT Biopolymers lab. All materials were used without any further purification.

Film Preparation. The layer-by-layer assembly process has been previously described
in general®®, and for these hydrogen-bonded multilayers specifically38. Briefly, the
polyelectrolyte multilayer films were assembled using a dipping process, which was automated
by an HMS programmable slide stainer from Zeiss, Inc. Dilute polyelectrolyte solutions were
prepared (102 M based on repeat unit of the polymer) with 18 MQ Millipore water, and were
pH-adjusted with HCIl to pH 3.0. Multilayers were built by first adsorbing PAH onto glass
substrates for 15 minutes followed by a series of rinse steps in 18 MQ Millipore water for 2, 1,
and 1 minutes, respectively. This process was then repeated with PAA and PAAm until either 3
or 9 PAA/PAAm bilayers were assembled. A bilayer is defined as one layer of PAA and one of
PAAm. Films were then crosslinked at 95 °C for 8 hours to stabilize the films. This process was
previously shown to form enough imide bonds to provide long term stability for the hydrogen-
bonded multilayers™®. Film thickness values were obtained using a Tencor P-10 Surface Profiler.

Silver nanoparticles were synthesized in the multilayer films similar to a previously

described procedure'” '8

. Briefly, polyelectrolyte multilayer films were submerged in a 5 mM
aqueous silver acetate solution for 15 minutes, where the hydrogen ions associated with the free
carboxylic acid underwent an ion exchange with the silver ions. Fifteen minutes was found to be

enough time for these films to undergo this ion exchange process. After rinsing, the silver ions

in the multilayers were reduced in a 5 mM DMAB aqueous solution for 30 seconds. Since the
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free acid groups in the film were regenerated after reduction, the process could be repeated until
the desired number of loadings was achieved (1 or 3 for this study).

Bacteria Culture and Assays. Airborne and waterborne bacteria assays were conducted
using similar methods as described by Klibanov and coworkers®. Escherichia coli (E. coli,
ATCC #14948) and Staphylococcus epidermidis (S. epidermidis, ATCC #14990) were obtained
from American Type Culture Collection (ATCC). Bacteria were grown in LB Broth, Miller
(manufactured by EMD chemicals and purchased from VWR) overnight. For waterborne
experiments, bacteria were centrifuged at 2700 RPM for 10 minutes, and then resuspended in
PBS after pouring off the supernatant. This process was repeated twice but with only 5 minute
centrifugation. The cell density was then estimated by measuring the optical density at 540 nm
(assuming 1.0 = 10°/mL)* with a Cary 6000i UV-VIS NIR spectrophotometer. The bacteria
solution was diluted with PBS to a final concentration of 10%/mL for both strains. Samples were
then submerged in the bacteria solution for two hours while shaken at 200 RPM in an incubator
set to 37 °C. After incubation, the samples were rinsed three times for 5 minutes each in PBS.
Following the rinsing steps, the samples were immediately covered with LB agar, Miller
(purchased from EMD Chemicals through VWR). After waiting overnight, colony forming
unites (CFU’s) were counted in at least ten 2.7 mm x 2.1 mm area for each sample using a Zeiss
Axioplan 2 optical microscope. At least 3 samples were run for each condition. For airborne
experiments, the bacteria were centrifuged in a similar manner as described above, except
deionized water was used instead of PBS. After dilution to 10%mL, the solution was sprayed
onto samples using a chromatography sprayer. The spraying process was adjusted so that the
CFU’s were clearly distinguishable under a low magnification microscope objective but still

provided a statistically significant number to determine percentage of bacteria killed.
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Immediately after spraying the bacteria solution, the samples were covered with LB agar and left
over night at 37 °C. CFU’s were then counted in a similar manner as described above. At least
3 samples were run for each condition.

Cell Culture and Cytotoxicity Experiments. Murine wild type (WT) NR6 fibroblasts
were kindly provided by Prof. Linda Griffith’s laboratory at MIT for mammalian cell
cytotoxicity experiments. These fibroblasts are a cell line derived from NIH 3T3 cells. Unless
noted otherwise, all materials used for cell culture were purchased from Gibco/Invitrogen. The
substrates coated with polyelectrolyte multilayers were sterilized by treatment with 70% (v/v)
ethanol. As reported in previous work>>, the sterilization procedure did not alter the properties of
the multilayer films. The WT NR6 fibroblasts were cultured in pH=7.4 media composed of
Modified Eagles Medium-oo (MEM-o) with 7.5% (v/v) fetal bovine serum (FBS), 1% (v/v)
sodium pyruvate (100 mM), 1% (v/v) nonessential amino acids (10 mM), 1% (v/v) Geneticin
(G418) antibiotic (350 ug/ 10 mL PBS), 1% (v/v) L-glutamine (200 mM), 1% (v/v) penicillin
(10,000 U/mL, from Sigma), and 1% streptomycin (10 mg/mL, from Sigma). Cells were kept in
a humid incubator at 37.5 °C and 5% CO,.

For cell assays, WT NR6 fibroblasts were counted using a hemocytometer with trypan
blue exclusion for cell viability. Two different cytotoxicity assays were performed. In the first
one, fibroblasts floating above the cell resistant PAA/PAAm multilayers (with and without
silver) for 24 hours were transferred to tissue culture polystyrene (TCPS), where attachment and
proliferation were studied. In the second cytotoxicity assay, fibroblasts were studied on
PAA/PAAm multilayer surfaces (with and without silver) functionalized with the adhesion
peptide RGD to promote cell adhesion. For both studies WT NR6 fibroblasts were initially

seeded at a density of approximately 5,000 cells/cm?. Cell growth was quantified using an
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Alamar Blue™ assay, which can be used as an indicator for cell proliferation. Alamar Blue™
was added to the cell culture either after initial seeding onto the RGD functionalized surfaces or
transfer to TCPS, and the fluorescence due to reduction by the fibroblasts was monitored using a
Molecular Devices Gemini fluorescence microplate reader after 24 and 48 hours.

Peptide Coupling. The peptide coupling has been previously described™. Briefly, a
layer of PAH was adsorbed onto the PAA/PAAm multilayers by submerging the films into a 10°
M aqueous PAH solution (pH=9.0). After three 2 minute rinses, the samples were incubated at
room temperature for 30 minutes in a solution of 0.5 mM Sulfo-LC-SPDP in PBS to activate the
amine groups in the PAH outermost layer. Following addition of the crosslinker, the samples
were rinsed twice in PBS for 5 minutes. The samples were then incubated at room temperature
for 8 hours in a solution of 0.5 mM peptide (GRGDSPC) in PBS where the thiol group on
cysteine reacted with the 2-pyridyl disulfide residue on the crosslinker. Samples were then
soaked twice in PBS (first overnight and second for S minutes).

Silver Depletion. The amount of silver in the polyelectrolyte multilayer films was
tracked by examining the surface plasmon resonance (SPR) peak over time. The films were aged
in PBS and studied using a Cary 6000i UV-VIS NIR spectrophotometer. The average of two
samples is reported.

Statistical Analysis. Analysis of variance (ANOVA) was used to test the statistical
significance of the number of CFU’s for each sample. ANOVA determines whether or not the
variance between different sample sets is greater than the variance within a set of samples made
under the same conditions. The p-value (or probability value) is the result of the ANOVA test,

and a value less than 0.05 means the samples are statistically different (based on a 5% level).
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5.3. Results and Discussion

5.3.1. Antibacterial Efficacy

Four different sets of 3.0/3.0 PAA/PAAm multilayers were fabricated to study how film
architecture and the number of silver loadings affected the antibacterial properties of the films as
well as cytotoxicity to mammalian cells. A silver loading is defined as the entire silver
nanoparticle synthesis cycle, which includes an ion exchange with silver acetate and later
reduction in DMAB. Silver nanoparticle synthesis in multilayer films has been reported
previously'”"®, but not with this particular multilayer system. Like silver nanoparticles loaded
into PAH/PAA multilayers'” 18 the PAA/PAAm films allow multiple loading steps due to the
regeneration of the carboxylic acid groups. For this reason, it was possible to see how the
number of silver loadings affected the amount of silver released into a buffer solution and its
effect on both bacteria and mammalian cells. To study this effect, 3 bilayers of the PAA/PAAm
system were assembled with PAAm as the outermost layer. Silver nanoparticles were then
loaded into the multilayers either 0, 1, or 3 times. To study the effect of varying multilayer
thickness, films were also created with 9 bilayers of PAA/PAAm and loaded with silver once.
The nomenclature, (PAA/PAAm)x-y or MLx-y, will be used to identify the different samples,
where x is the number of PAA/PAAm bilayers and y is the number of silver loadings. The
(PAA/PAAm)3-1 and (PAA/PAAm)3-3 films had a dry thickness (before nanoparticle synthesis)
of approximately 6.5 nm, whereas the (PAA/PAAm)9-1 and (PAA/PAAm)9-3 multilayers were
approximately 90 nm as measured with profilometry. To obtain an estimate of the relative
amount of silver nanoparticles in each system, the surface plasmon resonance (SPR) was

analyzed. The results are shown in Figure 5-1 for the three multilayer systems with silver
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nanoparticles. The SPR peak cannot be used to quantitatively determine the amount of silver.
However, the peak height can be used to estimate silver content by comparing to previous
results for silver-loaded PAH/PAA multilayer films'® in which elemental analysis was also
performed. Although in this work, we use a different polymer assembled with PAA and the
silver reduction is performed using a different procedure, the comparison is useful to obtain a
rough estimate of silver content. Using this comparison, the (PAA/PAAm)3-1 films contained
approximately 35% + 3% silver by weight and the (PAA/PAAm)3-3 and (PAA/PAAm)9-1 each
contained approximately 55% + 3% silver by weight. As can be seen in Figure 5-1, the amount
of silver scales with both the number of silver loadings and the number of bilayers, although the

relationship is not linear.
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Figure 5-1. Surface plasmon resonance peaks of 3.0/3.0 PAA/PAAm polyelectrolyte multilayers
with silver nanoparticles.

Airborne bacteria were modeled by spraying a bacteria solution containing either gram
negative E. coli and gram positive S. epidermidis onto samples from a chromatography sprayer.

It should be noted that in the airborne experiments, samples were not rinsed after being sprayed
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with the bacteria solution. After spraying the samples, they were allowed to incubate at 37 °C
overnight under LB agar, and the number of CFU’s was counted. To account for variations in
the spraying process, a multilayer sample was always sprayed simultaneously with a glass
control. If the control varied significantly from others, the data for the multilayer samples was
not counted in the average. CFU’s were counted in at least 4 areas on at least 3 different samples
for each species of bacteria and each multilayer film. Figure 5-2 contains micrographs showing
the results for a glass control and a (PAA/PAAm)3-1 multilayer sample. On the glass control,
CFU’s appear as 50-100 um diameter dark spots in the Figure 5-2a micrograph. The absence of
these dark spots in Figure 5-2b indicates that the silver-loaded multilayer killed all the bacteria

on the surface.
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Figure 5-2. Micrograph of (a) glass control and (b) (PAA/PAAm)3-1 multilayer after being
exposed to airborne bacteria and incubated overnight. Scale bar is 400 pum.

Figure 5-3 displays the CFU counting results for the airborne studies of E. coli and S.
epidermidis. The density of CFUs was reported relative to the glass control. For both strains of
bacteria, not one CFU was found on any of the multilayers containing silver nanoparticles. This
was true even for the (PAA/PAAm)3-1 films, which contained the least amount of silver. These

results show that polyelectrolyte multilayers deliver silver ions to the bacteria in a very efficient
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manner since even the films with the lowest amount of silver killed all bacteria brought into
contact. The multilayer films without silver showed a slight but statistically insignificant
decrease in CFU’s for both bacteria strains indicating that silver was necessary to successfully

kill the bacteria.
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Figure 5-3. Graphs displaying airborne bacteria results for polyelectrolyte multilayers and glass
controls of both (a) E. coli and (b) S. epidermidis. Samples were incubated overnight after
spraying with bacteria. The CFU densities are reported relative to the glass controls.
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The efficacy of killing waterborne bacteria was tested by shaking samples in flasks
containing bacteria solution for two hours at 200 RPM and rinsed in PBS. Similar to the
airborne model, CFU density was calculated after incubation overnight under LB agar at 37 °C.
Figure 5-4 shows the results for E. coli and S. epidermidis. Like the airborne model, no CFU’s
were found on any samples containing silver, which once again points out the power of released
silver ions to kill either gram negative or positive bacteria on contact. In contrast to the airborne
model, PAA/PAAm multilayers with no silver significantly lowered the density of CFU’s in the
waterborne tests. This suggests that the multilayers decreased the adhesion of bacteria even if
they could not kill the bacteria. For both the airborne and waterborne studies, the CFU counts
for glass controls were between 700 and 1000 CFU/cm?2 or approximately 3000-4000
CFU/sample. This means that since we did not see a single colony on any of the nine control
samples, the polyelectrolyte multilayers with silver nanoparticles killed on contact greater than

99.99% of bacteria for each sample.
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Figure 5-4. Results for waterborne antibacterial testing of (a) E. coli and (b) S. epidermidis on
polyelectrolyte multilayers and glass controls. Samples were incubated overnight after 2 hours
of exposure to waterborne bacteria. Results are shown relative to the glass controls.

5.3.2. Cytotoxicity of Silver Loaded Multilayers

Another important factor in considering an implant coating besides its antibacterial
properties is its potential cytotoxicity to mammalian cells. If cytotoxic, the coatings could have

deleterious effects on the patient. The effect of silver-loaded polyelectrolyte multilayers on WT
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NRG6 fibroblasts was studied using an Alamar Blue™ assay. Two different types of tests were
run. Since 3.0/3.0 (PAA/PAAm) multilayers resist fibroblast adhesion”, the cells floated above
the surface, but did not die for a few days. The first cytotoxicity test involved transferring the
cells, after they had floated for 1 day above the silver-loaded or non-loaded PAA/PAAm
multilayers, to TCPS and monitoring cell proliferation for two days after reseeding using an
Alamar Blue™ assay. To test the cytotoxicity to adherent cells, we functionalized the various
multilayer surfaces with the adhesion peptide sequence, RGD (arg-gly-asp), using a previously
described technique“. The tri-amino acid sequence, RGD, is a one of the most-studied adhesion
ligands, and is contained in the protein, fibronectin*’. The RGD chemistry was able to overcome
the cell resistant multilayers, and the fibroblasts were able to attach to the surface so that their
proliferation could be monitored for two days using Alamar Blue™. The results of both
cytotoxicity studies are presented in Figure 5-5. The data are normalized to multilayer samples
containing no silver. For both assays, the silver loading had no significant effect on cell growth.
The PAA/PAAm3-3 and PAA/PAAmMY-1, which contained the highest amount of silver, showed
a slight decrease in cell proliferation, but the results were not statistically significant using an

ANOVA test.
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Figure 5-5. Cytotoxicity results comparing polyelectrolyte multilayers with and without silver
nanoparticles. The data is normalized to the multilayers without silver for both the (a) floating
cell assay and (b) RGD functionalization assay.

5.3.3. Rate of Silver Release

To evaluate the length of time that the polyelectrolyte multilayers could release
antibacterial silver ions, the SPR peak from silver in the multilayer samples was monitored after
submersion in PBS. The PBS was meant to simulate a buffered environment such as is found

under physiological conditions. The release profiles are shown in Figure 5-6 for the three
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different silver-loaded multilayers. The graphs were generated by plotting the peak height as a
function of time in PBS. The absorbance of the PBS solution was also monitored to determine if
silver nanoparticles leached out of the multilayer films. An SPR peak from silver developed and
grew in the solution for the first 2 days, indicating that silver nanoparticles were leaching into the
PBS. Therefore, the silver leaves the films by two different processes: leaching out of the film
as nanoparticles and dissolution as ions. The effectiveness of the films in killing bacteria
provides evidence that the second process takes place. All films were monitored for three weeks,
and at the end of this time period, they still contained enough silver to be effective antibacterial
coatings as confirmed through additional airborne and waterborne experiments. The films aged
in PBS were taken through the same airborne and waterborne tests as freshly made films, and
like the results discussed previously, no CFU’s were detected on any of the silver-loaded
multilayers. Besides aging silver-loaded films in PBS, similar experiments were also performed
in WT NR6 fibroblast media (with serum). The silver release results were statistically the same

in cell media as PBS.

117



0.5 t
0.45 1
0.4 14 a (PAA/PAAM)9-1
! . + (PAA/PAAM)3-3
i 035 131 = (PAA/PAAM)3-1
a 0.3 [
< 0.25 4 !
g 062 I : — 1
= 1t %
0.15 i by :
0.1 I
0.05 . e 2 & g @00
0 1 ' N '
0 5 10 15 20 25
Time (days)

Figure 5-6. Change in silver content in the polyelectrolyte multilayer films as a function of time
submerged in PBS.

5.4. Conclusions

In summary, we have demonstrated the antibacterial behavior of PAA/PAAm
polyelectrolyte multilayers containing silver nanoparticles. The silver nanoparticles were
synthesized in situ using free carboxylic acid groups in the multilayers as nanoreactors. The
silver-loaded films killed greater than 99.99% of model gram negative and gram positive bacteria
in both airborne and waterborne models compared to glass controls. In addition, the small of
amount of silver ions released was non-toxic to fibroblasts grown on the surface after RGD
functionalization and when cells floating above the surface of unfunctionalized multilayers were
transferred to a TCPS surface. After 21 days in PBS, none of the samples were depleted of silver

and all retained their ability to kill bacteria.
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Chapter 6  Anti-Fouling Properties of Superhydrophobic

Polyelectrolyte Multilayers

6.1. Introduction

Surface coatings that resist fouling from biomolecules and micro-organisms have
potential use in biomedical devices as well as industrial processes. The adhesion of bacteria, for
example, can lead to biofilm formation which can cause hygienic problems and corrode pipes.
Biofilms are complex structures containing many species of bacteria, channels for nutrient flow,
and a protective protein matrix that can retard the actions of antibiotics or biocides’. Many
different materials that elute antimicrobial agents or kill microbes on contact’’! have been
developed in an attempt to prevent biofilm formation. A majority of these materials kill micro-
organisms effectively, but do not sufficiently address prevention of fouling due to proteins or
other biomolecules with some exceptions such as phosphoryl choline surfaces®>. Prevention of
non-specific adsorption of proteins and/or subsequent adhesion of mammalian cells is important

since surfaces can be fouled by these processes'>

. For this reason, another option is to use
surfaces that resist non-specific adhesion or adsorption of microbes and proteins such as
poly(elethylene glycol) PEG'*"". Surfaces coated with PEG have been found to eliminate cell
adhesion and reduce bacterial adhesion as well as adsorption of proteins such as lysozyme and
fibrinogen. However, this polymer is prone to oxidation and degradation by alcohol

dehydrogenase and aldehyde dehydrogenase'® '

and loses its resistance in long term
applications. In addition, many of the bactericidal and resist surfaces only reduce but do not

eliminate bacterial contamination'.
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To try to address many of these problems, some research efforts have turned to
superhydrophobic surfaces as potential anti-fouling coatings, although only limited work has

been done in this area?” !

. Superhydrophobic surfaces exhibit an advancing water contact angle
greater than 150° and a low contact angle hysteresiszz' 3, Superhydrophobicity is not solely due
to surface chemistry, but is instead a consequence of both surface chemistry and roughness. On
suitably rough surfaces, two different states can exist. The Cassie state®® exists when the
roughness is such that water droplets do not enter the hollow spaces on the surface, and droplets
can roll off. In contrast, the Wenzel state™ 2 has a surface roughness in which water droplets
fill the air pockets, and the droplets become pinned on the surface. Both states have high
advancing water contact angles, but only the Cassie state has a receding contact angle close to
the advancing one. The best anti-fouling surfaces are true superhydrophobic coatings that are
self-cleaning. These surfaces prevent droplets of water from getting pinned to the surface, and
therefore, are in the Cassie state. Superhydrophobic coatings have been formed using a variety
of techniques such as roughening hydrophobic materials®, forming well-ordered
microstructures”®, or coating rough surfaces with hydrophobic molecules® *°. Although, many
of these superhydrophobic coatings have shown a great deal of promise, they often require
expensive or tedious processing steps or show a lack in uniformity and stability. Recently, our
group demonstrated layer-by-layer assembled superhydrophobic multilayers that exhibited long
term stability and could be coated onto a broad range of substrates’!. Other approaches with
polyelectrolyte multilayer films have also generated superhydrophobic surfaces. Shiratori and
coworkers used multilayers as sacrificial templates for forming superhydrophobic surfaces from
SiO, nanoparticles®?, and the Schlenoff group made superhydrophobic multilayers using

fluorinated polymers and clay particles™.
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Since layer-by-layer polyelectrolyte multilayers were first introduced®” **, a variety of
functional materials have been incorporated into these ultra-thin films to address various

40, 41

biomaterial applications such as drug delivery***, biosensors 244,

, and cell resistant surfaces
Of the different polyelectrolyte multilayers studied, films assembled from weak polyelectrolytes
have promise due to the molecular tunability of layer thickness and properties with simple pH
adjustments*> *°, Mendelsohn et al. found that weak polyelectrolytes assembled in layer-by-
layer films under certain conditions underwent a reversible porosity transition when treated in an
acidic environment*’. These porous polyelectrolyte multilayers have potential applications in the
areas of drug delivery®, optical shutters®, anti-reflection coatings®® and Bragg reflectors".
Furthermore, by combining the micron scale roughness of the porous films with the nano-scale
roughness introduced by adding SiO, nanoparticles, with subsequent fluorination,
superhydrophobic multilayers could be produced®’. The superhydrophobic multilayers exhibited
an advancing and receding contact angle greater than 170°. Not only do the superhydrophobic
multilayers show excellent long term stability, but very recent work has shown that the surfaces
can be patterned with hydrophilic regions5 2

In this chaptér, we tested the general anti-fouling properties of superhydrophobic
polyelectrolyte multilayers by challenging the surface with proteins, mammalian cells, and
bacteria. In addition, we used a simple polyelectrolyte patterning procedure to create hydrophilic
spots on the surface. Surfaces with hydrophilic regions patterned against a hydrophobic
background have potential applications in combinatorial chemistry and the screening of
biological interactions®> **. Many different methods>>® have been used to create patterns with
contrasting wettability, but these techniques often include complex synthesis or do not lead to

chemically functional patterns. We show the versatility of our patterning technique by
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selectively depositing multilayers and promoting cell attachment on surfaces with various ligand
densities. The various ligand densities were created by taking advantage of the ability to tune the

40,39, Superhydrophobic

number of functional groups present in polyelectrolyte patterns
patterned surfaces could be very useful as high-throughput screening assays. It should be noted

that part of the work in this chapter has been done in collaboration with Dr. Lei Zhai at MIT.

6.2. Experimental Methods

Materials. Poly(acrylic acid) (PAA) (MW = 90,000; 25% aqueous solution) and
polyacrylamide (PAAm) (MW = 5,000,000; 1% aqueous solution) were purchased from
Polysciences. Poly(allylamine hydrochloride) (PAH) (MW = 70,000), poly(sodium 4-styrene-
sulfonate) (SPS), fluorescein isothiocyanate (FITC) labeled bovine serum albumin (BSA),
lysozyme, FITC, and SiO; nanoparticles were purchased from Sigma-Aldrich. (Tridecafluoro-
1,1,2,2-terahydrooctyl)-1-trichlorosilane (semifluorinated silane) was purchased from United
Chemical Technologies. Sulfosuccinimidyl 6-[3’-(2-pyridyldithio)-propionamido] hexanoate
(Sulfo-LC-SPDP) was obtained from Pierce Biotechnology. The peptide, GRGDSPC, was
synthesized by the Biopolymers lab at MIT. All materials were used without any further
purification.

Film Preparation. The layer-by-layer assembly process of polyelectrolyte multilayers
has been previously described®’, as has the assembly of superhydrophobic polyelectrolyte
multilayers®’. Briefly, the polyelectrolyte multilayers were assembled using an automated HMS
programmable slide stainer from Zeiss, Inc. Polyelectrolyte solutions were prepared (102 M
based on repeat unit of the polymer) with 18 MQ Millipore water, and were pH-adjusted with

HCI or NaOH. Multilayers were built by first building alternating layers of PAH and SPS (both
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at pH = 4.0), with PAH being the first layer. In between each 15 minute polyelectrolyte
adsorption step, the substrates were taken through a series of rinse steps in 18 MQ Millipore
water for 2, 1, and 1 minutes, respectively. This process was repeated until 8 layers were built of
PAH and SPS, leaving SPS as the top layer. Next, the process was repeated with alternate layers
of PAH (pH = 8.5) and PAA (pH = 3.5), beginning with PAH, until 201 total layers were
assembled, leaving PAH as the top layer. The PAH/SPS layers improved adhesion between the
substrate and the multilayer film.

After multilayer assembly, the films were taken through a two stage porosity induction
process consisting of treatment in water adjusted to pH 2.7 for 2 hours and then water adjusted o
pH 2.3 for 4 hours. The porous structure was locked in by crosslinking the films at 180 °C for 2
hours. After the crosslinking step, the films were alternately dipped in solutions of 1% SiO,
nanoparticles and PAH (pH = 4.0) to make 5 SiO,/PAH layers leaving the nanoparticles as the
outermost layer. Finally, the multilayer films were treated with a semi-fluorinated silane using
chemical vapor deposition (CVD) and heated at 180 °C for 2 hours.

Protein Adsorption Assay. Superhydrophobic multilayers and microporous multilayers
were dipped into a 0.1 % phosphate buffered saline (PBS) solution of either FITC labeled bovine
serum albumin (FITC-BSA) or FITC labeled lysozyme (FITC-lysozyme). FITC-lysozyme was
created by reacting FITC with lysozyme in PBS and subsequent dialysis to separate unbound
FITC. After 30 minutes, the samples were rinsed twice in PBS for 5 minutes and once in 18
MQ Millipore water for 5 minutes. Fluorescence images were then captured using a Zeiss
Axioplan 2 fluorescence microscope: the fluorescence intensity was compared using Adobe

Photoshop 5.0 software.
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Cell Culture. Murine wild type (WT) NR6 fibroblasts were kindly donated by Prof.
Linda Griffith’s laboratory at MIT. Unless noted otherwise, all materials used for mammalian
cell culture were purchased from Gibco/Invitrogen. The superhydrophobic multilayers were
sprayed with 70%(v/v) ethanol for sterilization. In previous work®, it was found that this
sterilization procedure did not alter a multilayer films’ properties. The WT NR6 fibroblasts were
grown under conditions previously described®. Briefly, the cells were grown in pH=7.4 media
made from Modified Eagles Medium-o. (MEM-a) with 7.5% (v/v) fetal bovine serum (FBS), 1%
(v/v) sodium pyruvate (100 mM), 1% (v/v) nonessential amino acids (10 mM), 1% (v/v)
Geneticin (G418) antibiotic (350 pug/ 10 mL PBS), 1% (v/v) L-glutamine (200 mM), 1% (v/v)
penicillin (10,000 U/mL, from Sigma), and 1% streptomycin (10 mg/mL, from Sigma). Cells
were kept in a humid incubator at 37 °C and 5% COa,.

For cell adhesion assays, WT NR6 fibroblasts were counted using a hemocytometer, and
trypan blue exclusion was used for cell viability. Cells were seeded on samples at ~10,000
cells/cmz, and stained with LIVE/DEAD® fluorescent stain (from Molecular Probes). This stain
stains dead cells red with ethidium homodimer-1 and live cells green with calcein AM.
Fluorescent micrographs were taken of adherent cells using a Nikon Eclipse TE300 inverted
phase contrast microscope with Openlab 3.0 software.

Bacteria Culture. Airborme and waterborne bacteria assays were performed using
methods similar to those described by Klibanov and coworkers®. Escherichia coli (E. coli,
ATCC #14948) and Staphylococcus epidermidis (S. epidermidis, ATCC #14990) were
purchased from American Type Culture Collection (ATCC). The bacteria strains were grown in
LB Broth, Miller (from EMD Chemicals through VWR), and the cell density was calculated by

measuring the optical density at 540 nm (assuming an optical density of 1.0 is equal to
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10°/mL)*®. Waterborne bacteria were introduced experimentally by first centrifuging the bacteria
~at 2700 RPM for 10 minutes, and then suspending the bacteria in PBS after pouring off the
supernatant. This centrifugation process was repeated twice to remove any broth from the
bacteria solution. The optical density was then measured again, and the bacteria solution was
diluted with PBS to reach a final concentration of 10%mL. The superhydrophobic multilayers
and controls were then shaken at 200 RPM in the diluted bacteria solution for two hours at 37
°C. After three 5 minute rinses in PBS, the samples were placed under a slab of Miller LB agar
(purchased from EMD Chemicals through VWR). The samples were incubated overnight, and
colony forming units (CFU’s) were counted in at least 4 areas for each sample. At least 3
samples and glass controls were tested. For the superhydrophobic muitilayers and microporous
multilayers, the colonies were stained with 0.1% crystal violet (from Sigma) to increase contrast.
For airborne experiments, a similar protocol for centrifugation was followed, except deionized
water was used for resuspending bacteria and making dilutions. The 10°/mL bacteria solution
was loaded into a chromatography sprayer and misted onto the samples. At this point, half of the
samples were rinsed three times in PBS, and half were not. Substrates were covered with LB
agar immediately after the rinsing or spraying step, and left to incubate overnight at 37 °C.
CFU’s were then counted in at least 4 areas per sample, and at least 3 samples were run for each
condition. Crystal violet was used to stain bacteria colonies on superhydrophobic and
microporous surfaces.

Surface Patterning. As described in detail elsewhere®’, the superhydrophobic
multilayers were patterned with a micropipettor filled with 0.01 M PAA solution composed of
40% isopropyl alcohol and 60% water. This solvent combination was found to be optimal for

creating patterns of controlled size. The solution was spotted onto the surface in the desired
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pattern and allowed to dry. Multilayers could then be selectively assembled on the patterned
spots using the layer-by-layer technique for polyelectrolyte multilayer assembly described above.
Multilayers were built with PAAm (pH = 3.0) and PAA (pH = 3.0). The PAAm/PAA
multilayers were formed from hydrogen-bonding interactions and required post baking at 95 °C
as previously described®.

Peptide Coupling. Biological ligands were coupled onto the surface using a previously
described method*’. Briefly, patterned samples were first submerged for 30 minutes in a 0.5 mM
solution of the crosslinker, Sulfo-LC-SPDP, in PBS. Samples were then rinsed twice in PBS for
5 minutes. Finally, the samples were incubated at room temperature for 8 hours in a solution of
0.5 mM peptide (GRGDSPC) in PBS and rinsed twice in PBS.

Statistical Analysis. Analysis of variance (ANOVA) was implemented to determine
statistical differences between the density of CFU’s on superhydrophobic multilayers,
microporous multilayers, and glass controls. ANOVA determines whether or not the variance
between testing conditions is greater than the variance within testing conditions. The p-value (or
probability value) is the product of the ANOVA test, and a value less than 0.05 translates to a

statistical difference (based on a 5% level).

6.3. Results and Discussion

6.3.1. Protein Adsorption Assays

A surface that is truly anti-fouling must resist a variety of different materials and
biological organisms. Superhydrophobic coatings are possible candidates for anti-fouling

applications since they allow only limited interactions of the surface with aqueous solutions. In
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essence, a layer of air is created between the surface and water, so any material in the aqueous
solution such as proteins, cells, or bacteria must cross this surface tension barrier before adhering
to the surface. To test the hypothesis that superhydrophobic multilayers can act as anti-fouling
coatings, their ability to resist protein adsorption was first studied. The properties of
superhydrophobic multilayers have been described previously’ 1. The superhydrophobic
multilayers used in these studies had an advancing and receding contact angle greater than 170°
as measured through a video contact angle analysis31. For these experiments, samples were
exposed to solutions of FITC labeled BSA or FITC labeled lysozyme for 30 minutes. These
proteins were chosen because of their charge difference (BSA is net negative and lysozyme is net
positive).

In addition to superhydrophobic multilayers, we also tested microporous multilayers that
were created by using the same processing conditions and porosity induction step as the
superhydrophobic films. However, the microporous multilayers lacked the final nanoparticle
deposition and fluorination steps used to create the superhydrophobic surfaces. These surfaces
were chosen for comparison to the superhydrophobic multilayers because the have the same
micron-scale roughness and are composed of the same polyelectrolytes. The microporous films
have a high advancing contact angle of approximately 100°, but have a low receding contact
angle of approximately 60°. For this reason, they were used to see if a micron-scale roughness
was enough to obtain anti-fouling properties, or if it is necessary to have a superhydrophobic
coating. Both microporous and superhydrophobic multilayers had significant background
fluorescence (seen in samples not exposed to FITC-BSA), but this was subtracted from the

fluorescence intensity after protein adsorption.
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After exposure to either FITC-BSA or FITC-lysozyme, the superhydrophobic multilayers
adsorbed no detectable amount of protein; the fluorescence intensity was not significantly
different from the multilayer background fluorescence. In contrast, the microporous multilayers
allowed significant amounts of both FITC-BSA and FITC-lysozyme to adsorb to the surface.
The micrographs in Figure 1 show the FITC-BSA fluorescence intensity difference between
superhydrophobic and microporous multilayers. In comparison to the fluorescence intensity of
the superhydrophobic films (statistically the same as the background); FITC-BSA on
microporous films had 2.4 times the fluorescence intensity. The FITC-lysozyme intensity on the
microporous films was approximately 1.8 times higher than the multilayer background or
superhydrophobic films. These results indicate that superhydrophobic coatings are capable of

preventing proteins from fouling the surface.
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Figure 6-1. Fluorescence images of FITC labeled BSA adsorbc'd onto (a) a microporous
multilayer and (b) a superhydrophobic multilayer. The films were exposed to a 1.0% FITC-BSA
solution in PBS for 30 minutes. Scale bar is 100 um.

The ability of superhydrophobic multilayers to prevent adsorption of both negatively and

positively charged proteins is noteworthy because in previous work, proteins have been readily

43, 62-64

adsorbed to polyelectrolyte multilayer surfaces , in some cases, regardless of the surface

charge. In addition, various proteins have been incorporated into r‘ﬁultilayer films through layer-

6566, In comparison to our results with superhydrophobic multilayers, other

by-layer assembly
protein resistant surfaces such as PEG have been shown to reduce the adsorption of both
positively and negatively charged proteins to 0.2% of a monolayer éoverage for some proteins’?.

However, PEG coatings are known to lose their effectiveness over time due to degradation'® *°.
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To access the long-term stability of superhydrophobic multilayers, we repeated the protein
adsorption assays and increased the exposure time from 30 minutes to one week. Even after one
week, the multilayers maintained their superhydrophobic nature and did not allow a detectable
amount of either FITC-BSA or FITC-lysozyme to adsorb to the surface. For these long-term
experiments, the PAH/SPS layers assembled first on the glass substrate were critical.
Superhydrophobic multilayers without these adhesion-promoting layers started to delaminate
after the first two to three days of immersion in the protein solution. The ability to resist protein
adsorption on a long term basis has important consequences since longer-term protein adsorption

could lead to other biological interactions and fouling.

6.3.2. Mammalian Cell Resistance

To further explore the anti-fouling nature of superhydrophobic multilayers, these films
along with microporous multilayers were tested for their ability to resist attachment of WT NR6
fibroblasts. We chose this line of fibroblasts because their ability to readily stick to a variety of
surfaces would challenge the superhydrophobic surfaces. After seeding, the cells had to be
stained with LIVE/DEAD® stain to image the adherent cells since we could not focus clearly
through the translucent microporous structure using phase contrast microscopy. This dye stains
live cells green with calcein AM and dead cells red with ethidium homodimer-1. As seen in
Figure 2, the superhydrophobic multilayers completely resisted fibroblast adhesion for up to 3
days after seeding. The green spots in Figure 2b are live cells floating above the surface. In
contrast, the fibroblasts grew and spread on the microporous multilayers. The number of cells
was far less than what would be typical for tissue culture polystyrene, but a significant number
attached. Similar to the case of protein adsorption, these results indicate that superhydrophobic

multilayers completely repel the anchorage-dependent fibroblasts.
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Figure 6-2. Fluorescent images of WT NR6 fibroblasts seeded on (a) microporous and (b)
superhydrophobic multilayers at a density of 10,000 cells/cm’. 'The cells were stained with
LIVE/DEAD® stain three days after seeding to visualize the cells through the porous network of
the multilayers films. Scale bar is 100 pm.

In previous work, it was found that multilayer systems assembled under specific
conditions resist cell adhesion because of their highly swollen state in buffer and resulting low

modulus*> ¢

. These physical attributes prevented fibroblasts from "adhering to the surface. The
mechanism underlying the ability of superhydrophobic multilayéré to resist cell attachment is
much different. As previously reported”’, the coatings do not allow water to interact with the

surface and essentially exist with a thin layer of air at the interface. This phenomenon can be

visualized by placing the superhydrophobic film in water and tii'ting the surface to a specific
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angle at which a mirror-effect is observed. The mirror-effect is due to the total internal
reflectance of light resulting from the contrast in the refraction indices of the water and thin layer
of air at the interface. Assuming a refraction index of approximately 1.0-1.2 for the air gap with
a small amount of porous material and a refraction index of 1.33 for water, a critical angle of
approximately 49°- 64° for this effect can be calculated from Snell’s Law. The mirror-effect
would not be seen without the layer of air at the interface. Furthermore, the effective layer of air
creates a surface tension that makes it impossible for a cell to break this barrier and adhere to the
surface. The cells floating above the superhydrophobic multilayers were not dead, as verified by
lack of red staining. Less than 1.0% of fibroblasts floating above either the superhydrophobic or
microporous surface stained red. These particular fibroblasts were chosen for their ability to
stick to a variety of surfaces; they are a challenge for any surface to repel®’.

To test the long term cell-inert properties of superhydrophobic multilayers, additional
experiments were conducted in which new fibroblasts were reseeded on the surface every 3 days
for a total of one week. At the end of this one week period, LIVE/DEAD® staining revealed that
the surface had continued to completely resist cell adhesion for this extended period. In addition,
the multilayers still had a contact angle greater than 170°. Similar to the long-term protein
adsorption experiments, PAH/SPS buffer layers were critical for preventing delamination in the

fibroblast experiments after 2 to 3 days.

6.3.3. Bacteria Adhesion Prevention

Bacterial contamination prevention is extremely important in a variety of applications.
For this reason, the ability of superhydrophobic multilayers to repel both gram negative E. coli
and gram positive S. epidermidis was examined. This study consisted of three different assays:

airborne with no rinse step, airborne with a rinse step, and waterborne. The two different
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airborne models were used to test whether or not rinsing was required to remove bacterial
contamination after airborne bacteria were misted onto the surfaces. For these experiments,
microporous multilayers and glass surfaces were used as controls. The results from the airborne
studies are displayed in Figure 3. The data show that for both strains of bacteria, colony growth
is only prevented on superhydrophobic surfaces that are rinsed after the bacteria were sprayed
onto the surface. In fact, no CFU’s were detected on the superhydrophobic multilayers after
rinsing. In contrast, colonies of bacteria grew well on all of the control samples in the study even
after the microporous films and glass were rinsed. This finding indicates the bacteria do not
strongly attach to the superhydrophobic multilayers, but only sit on the surface because there is
no means to remove them. As seen in these data, rinsing is necessary to remove bacteria from
the superhydrophobic coatings. It is not surprising that the rinsing step is necessary in the
airborne tests because without it, there is no means to remove the bacteria from the surface
before the LB agar slab is placed on the sample. Hence, bacteria are free to multiply in the agar
gel and have plenty of nutrients to grow. Unlike many antibacterial surfaces, the
superhydrophobic multilayers have no mechanism to kill bacteria, only prevent their attachment.

Therefore, a process such as rinsing must be performed to remove bacteria from the surface.
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Figure 6-3. Results of bacterial growth microporous and superhydrophobic multilayers from an
airborne model (relative to glass samples). The samples were sprayed with solutions of the
bacteria strains (a) E. coli and (b) S. epidermidis and left overnight under a slab of agar .
Hatched bars represent data from samples with no rinse, and black bars represent data from
samples that were rinsed in PBS.

In the waterborne tests, the superhydrophobic multilayers completely repelled bacteria
regardless of the strain being tested. These data are presented in Figure 4. As was the case for
the airborne test, the microporous multilayers could not prevent bacteria of either strain from
attaching to the surface. For the waterborne tests, rinsing was not necessary to remove bacteria
from the superhydrophobic surface because the experiments were conducted in an aqueous

environment. However, rinsing was performed to obtain more uniform colony growth on the

microporous multilayers and glass substrates. The waterborne test is very useful because it
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models bacteria coming into contact with surfaces in aqueous or buffered solutions. This

situation is applicable to many industrial processes or biomedical applications.
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Figure 6-4. Waterborne test results for (a) E. coli and (b) S. epidermidis on microporous and
superhydrophobic multilayers (results relative to glass controls). Samples were submerged in the
bacteria solution for 2 hours and then placed under a slab of agar overnight.

The ability of superhydrophobic multilayers to prevent bacteria from fouling the surface
suggests several possible applications, including prevention of industrial biofilm buildup and
medical implant contamination. The major advantages of the superhydrophobic surfaces

compared to other antibacterial coatings are that the superhydrophobic multilayers do not rely on

the leaching of an antimicrobial agent into the environment and the surface does not get fouled
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easily by proteins or other materials. Coatings that elute antimicrobials have a limited supply of
the antimicrobial agent and hence, a limited lifetime of effectiveness. Alternatively, films that
involve grafting antimicrobials to the surface could have a very limited lifetime if they do not
resist adsorption of proteins or other fouling molecules. Superhydrophobic multilayers can
potentially avoid both of these problems for long term use. This hypothesis was tested by aging
the samples in LB broth for one week prior to performing the airborne and waterborne bacteria
tests. After aging, the superhydrophobic multilayers did not show a decrease in contact angle or
ability to resist bacterial adhesion. The multilayers maintained their superhydrophobicity and
prevented attachment of both airborne (with rinsing) and waterborne bacteria. For further
potency against bacteria, we are currently studying superhydrophobic films loaded with silver

using a previously described technique®.

6.3.4. Patterning by Selective Wetting

In addition to possible applications in bacterial adhesion and biofilm prevention,
patterned superhydrophobic films could be utilized in laboratory experiments for directing
bacterial or other aqueous solutions to specific areas. Orner et al. found that when spotting
arrays of aqueous solutions, backgrounds with higher contact angles led to increased beading,
which allowed a higher density of spots®®. For this reason, superhydrophobic films are excellent
candidates for use as a background for patterning arrays for DNA chips, cell culture, or
combinatorial chemistry.

One simple way to wet these superhydrophobic surfaces is to use non-aqueous solutions.
We take advantage of this fact to selectively foul the surface with molecules that facilitate layer-

by-layer assembly. This creates hydrophilic patterns on the surface that can be used to not only
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build multilayers, but to selectively place biological molecules or cells. A PAA solution
consisting of 40% isopropyl alcohol and 60% water was previousliy found to produce the most
well controlled patterns®®. An array of spots approximately 700 pm in diameter was patterned
onto the surface using a micropipettor to deposit the PAA solution. The ability to direct aqueous
solutions to these hydrophilic regions was tested by depositing fluorescent dyes on these spots.
Figure 6-5 is a photograph of three different fluorescent dye solu‘ﬁons spotted onto a patterned
superhydrophobic multilayer film as an example. The droplets were 2 UL, and the colors of the
solutions could be visualized by exciting the dyes with a UV lamp. The green dye is 6-FAM, the

red dye is Rhodamine Red™-X, and the blue dye is AMCA-X.

Figure 6-5. Photograph of droplets of fluorescent dyes in aqueous solutions on a patterned
superhydrophobic multilayer surface. A UV lamp was held above the sample to excite the
fluorophores. Scale bar is 10 mm.

The ability of the superhydrophobic surface to direct molecules to the patterned regions
was also studied by selectively adsorbing proteins to the hydrophilic regions. Superhydrophobic
films patterned with 700 um spots of PAA using a micropipettor were submerged in a FITC-
lysozyme solution for 30 minutes. As can be seen in Figure 6-6, tﬁe protein selectively adsorbed
to the hydrophilic PAA patterns. The fluorescence intensity of the superhydrophobic

background remained unchanged after submersion in the protein solution indicating that no
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detectable amount of protein adsorbed to it. The patterning procedure could be automated using

a robot to obtain smaller and more regular patterns.

Figure 6-6. FITC labeled lysozyme selectively adsorbed to ﬁ‘ydrophilic spots on a
superhydrophobic polyelectrolyte multilayer background. Scale bar is 500 pm.

In addition to proteins, additional polyelectrolyte multilajié’rs can be assembled on the
PAA patterns. In this process, the patterned superhydrophobic films were completely submerged
in both the polymer and rinse baths during the assembly prdcess. The superhydrophobic
background acted as a resist to multilayer buildup similar to PEG resists previously studied for
multilayer templating® 7°. Multilayer assembly was therefore restricted to the patterned areas.
The construction of 8.5/3.5 PAH/PAA multilayers was monitored by incorporating 1% FITC
labeled PAH into the PAH solution. Figure 6-7 shows the increase in fluorescence intensity as
more layers were built onto the patterned regions along with a mic'fograph of a patterned dot of

fluorescently labeled multilayers. Besides directing growth of polyelectrolyte multilayers onto
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predetermined regions, the superhydrophobic films also displayed a very high selectivity. The
fluorescence intensity of the superhydrophobic surface outside the patterned multilayers was not
significantly different than the background fluorescence observed prior to the assembly of the
fluorescently labeled multilayers. This indicates that no detectable amount of FITC-PAH fouled

the superhydrophobic background.
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Figure 6-7. (a) Fluorescence intensity as a function of number of layers of 8.5/3.5 (FITC-
PAH/PAA) along with a linear fitted trend line. (b) Fluorescence micrograph of 8.5/3.5 (FITC-
PAH/PAA) multilayers assembled onto a patterned superhydrophobic multilayer film (10
layers). Scale bar is 200 pm.
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After demonstrating that polyelectrolyte multilayers could be selectively assembled onto
patterned superhydrophobic multilayer surfaces, 3.0/3.0 PAA/PAAm multilayers were
assembled on PAA patterned spots to provide an example of how the films could be used in cell
based arrays with different surface functionality. After the PAA/PAAm multilayers, which are
known to resist cell adhesion*®, were constructed selectively on the patterned regions, peptides
containing the adhesion promoting sequence, RGD (arg-gly-asp), were coupled onto the surface
in various densities. The tri-amino acid sequence, RGD, is a well-studied cell adhesion molecule

1

that is contained in the extracellular matrix protein, fibronectin’'. As previously found with

polymer-on-polymer stamped surfaces*® *

, the RGD density can be tuned by adsorbing PAH at
different pH conditions to alter the functional group density at the surface. Subsequent coupling
of ligands to the amine groups resulted in different peptide densities. PAH was adsorbed to the
patterned PAA/PAAm multilayers at pH 3.5, pH 7.0, and pH 9.0 by spotting the PAH onto the
multilayer regions. This correlated to approximately 100%, 75%, and 50% charge density along
the polymer chain in solution, respectively72. After peptide coupling, the RGD density was
approximately 25,000 RGD/pum? for PAH adsorbed from a pH 3.5 solution, 53,000 RGD/um? for
pH 7.0, and 83,000 RGD/um? for pH 9.0 (estimated from previous work*®). When WT NR6
fibroblasts were seeded onto the patterned films by immersing the entire film in the cell culture
media, cells only attached to the RGD patterns and more cells grew on the patterned areas with
higher RGD densities. These patterns were several millimeters in size to provide a large sample
area, and the cells’ nuclei were stained with DAPI for better detection since the pores interfered
with phase contrast microscopy. Figure 6-8 shows the edge of an RGD pattern to show the

selectivity of the fibroblasts. The relative fibroblast coverage can be estimated by measuring the

fluorescence intensity of the DAPI stain. The cell coverage on patterns with PAH adsorbed at
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pH 3.5 and 7.0 were approximately 28% and 84%, respectively (wiien compared to patterns with
PAH adsorbed at pH 9.0). These results show that the pattcrnc‘d superhydrophobic films can
direct both specific chemistry and cell adhesion. Spotted patterns with different functionality can

be easily assembled for screening their cell adhesion properties.

Figure 6-8. A fluorescence micrograph of WT NR®6 fibroblasts with their nuclei DAPI stained on
a pattern with created by adsorbing PAH at pH = 9.0 and attaching RGD. Scale bar is 100 um.

The ability to direct aqueous solutions or cells to predetermined regions on the surface is

very powerful. For instance, DNA or protein microarrays could be formed by simply dipping a

patterned superhydrophobic film into a solution containing the molecule of choice. In addition,

solutions with different molecules could be added to different regions by spotting the solutions or

using a pattern consisting of intricate channels. The patterns could be reduced in size by using a

more sophisticated patterning tool than a micropipettor.

6.4. Conclusions

We have successfully demonstrated the anti-fouling nature of superhydrophobic

polyelectrolyte multilayers against many common biological entities such as proteins,
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mammalian cells, and bacteria. These stable superhydrophobic multilayers worked well to
prevent contamination from these materials. The coatings were found to reduce protein
adsorption to undetectable levels and completely eliminate the attachment of WT NR6
fibroblasts. In addition, these ultra-thin films eliminated bacterial contamination, which could
have many possible applications since this is the first step in preventing biofilm formation. The
biological materials could not adsorb or attach to the superhydrophobic multilayers due to the
creation of a thin layer of air between the aqueous environment and the film surface. The fact
that organic solvents could be used to foul the surface was utilized to selectively pattern
superhydrophobic multilayers on the surface. This patterning ability could find use in high

through-put screening technology or microarray fabrication.
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Chapter 7 Summary and Future Work

7.1. Thesis Summary

The main objective of this thesis was to research possible biomedical or biomaterial
applications for weak polyelectrolyte multilayers. Since the assembly of these ultra-thin polymer
films is based on aqueous processing, extremely versatile, applicable to many substrates, and
mimic biology well, multilayers make excellent candidates as biomaterials. The ability to coat
virtually any substrate with a sub-micron thick polymer film and completely change the surface
properties of it is extremely powerful. Previous to this thesis work, it was found that
polyelectrolyte multilayers could control the surface adhesion of mammalian cells. Interactions
with the surface could be turned completely off with only a few layers. This thesis work builds
on these findings, and it explores new areas of opportunity where the unique properties of
polyelectrolyte multilayers can play an important role.

Patterning weak polyelectrolyte multilayers using polymer-on-polymer stamping was the
first application pursued. This patterning technique, which is based on microcontact printing,
has many advantages to traditional lithography since it is performed without the use of organic
solvents, can be used on a variety of substrates, and can be designed as a parallel process. The
goal of the work presented in Chapter 2 was to pattern PAH/PAA multilayer films with PAH
when PAA was left as the top layer. This created a multi-functional surface in which chemistry
could then be selectively performed in micron-scale regions. In addition, since PAH was used as
the patterned polymer, the properties of the patterned region could be tuned through pH
adjustments in the ink solution. When the pH of the PAH ink solution was increased, the pattern

thickness and number of available functional groups increased due to the change in
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polyelectrolyte charge density. This makes it possible to create micro-patterns with
predetermined functional density and thickness.

In Chapter 3, the use of PAH patterned surfaces as platforms for creating cell arrays was
explored. After stamping the surface of 3.0/3.0 PAA/PAAm multilayers with PAH, the amine
groups were then reacted with the heterobifunctional crosslinker, sulfo—LC‘-SPDP, and later with
peptides containing the sequence, RGD. This tri-peptide sequence is a known adhesion ligand
for many cell types including the WT NRG6 fibroblasts studied. By tuning the pH of the PAH ink
and changing the density of amine groups in the patterned regions (as discussed in Chapter 2),
the RGD density could also be controlled. The 3.0/3.0 PAA/PAAm multilayers were used as the
background due to their ability to resist cell adhesion over long periods of time. It was found
that higher RGD density correlated to a greater density of cells on the patterns and a more spread
morphology. In addition, the cytoskeletal proteins became more organized with higher RGD
density. This technique represents a versatile method to pattern cells onto a variety of substrate,
and the cell patterns remained stable for as long as two months.

Besides using the surface of polyelectrolyte multilayers for biological applications, the
interior of the thin films can also be useful. Porous polyelectrolyte multilayers made from PAH
(pH = 8.5) and PAA (pH = 3.5) were loaded with model drugs, and the release kinetics were
studied. The porosity of these multilayers could be controlled by treatment pH, and the pores
ranged in size from nanoscale to microscale. Drug release from the microporous films followed
Fickian diffusion. However, the nanoporous multilayers showed a zero-order release profile.
The zero-order kinetics resulted from the drug being trapped in the nanoporous network that
limited the amount of drug capable of release at a given time. Ketoprofen and cytochalasin D

were chosen as model drugs because they differ greatly in hydrophobicity. For both drugs, the
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time of release was proportional to the number of porous bilayers. In addition, cytochalasin D
can be used as a marker for delivery to mammalian cells since it causes cell to take on a much
different morphology and become multi-nucleated. All of the porous polyelectrolyte multilayers
in the study successfully delivered cytochalasin D to fibroblasts.

The final application that this thesis evaluated was the ability to kill bacteria or resist
their adhesion. The 3.0/3.0 PAA/PAAm polyelectrolyte multilayers, which were found to resist
mammalian cell adhesion, reduced but did not eliminate bacterial adhesion. To kill bacteria,
silver nanoparticles were loaded into the multilayers using an ion exchange with silver acetate
and subsequent reduction in DMAB. The silver-loaded multilayers killed gram negative and
gram positive bacteria on a level greater than 99.99% for both waterborne and airborne tests. It
was also found that the amount of silver released into solution was so small that it was non-toxic
to mammalian cells. The cytotoxicity tests were run by growing cells directly on the multilayers
after functionalization with RGD, and also by transferring floating cells onto tissue culture
polystyrene. Silver released into PBS from the multilayers for over three weeks with just one
silver loading and only 3 bilayers.

The antifouling properties of superhydrophobic polyelectrolyte multilayer films were also
tested for their ability to prevent the adhesion of bacteria. The superhydrophobic films were
formed using porous polyelectrolyte multilayers and subsequent alternate adsorption of SiO;
nanoparticles and PAH followed by functionalization with a semi-fluorinated silane. The
advancing and receding contact angles for these films both exceeded 170°. The multilayer films
eliminated protein adsorption and prevented the adhesion of both fibroblasts and bacteria.
Protein adsorption was studied by comparing fluorescence intensities of multilayers after

immersion in either FITC labeled BSA or FITC labeled lysozyme. NR6 WT fibroblasts could
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not attach to the superhydrophobic surface, as could be seen using fluorescent microscopy after
staining live and dead cells. For the bacteria experiments, both gram negative Escherichia coli
and gram positive Staphylococcus epidermidis were studied. In a waterborne assay, neither was
able to attach to the surface. For the airborne assay, colonies were found to grow in the agar
placed on the superhydrophobic samples unless the samples were rinsed after the bacteria spray.
Superhydrophobic polyelectrolyte multilayers have a great deal of promise as anti-fouling
surfaces for long term applications, especially since they do not rely on an agent leaching out of
the film.

Although these biological applications may seem very different, they all used the same
materials, polyelectrolyte multilayers. In fact, only a few polymers were used for all of these
applications. By simply changing the assembly conditions or post-assembly treatment, the
properties of the films could be changed drastically. Due to the versatility of these ultra-thin
polymer films, the possibilities for polyelectrolyte multilayers seem limitless. Some of the

possible future directions will be discussed in the next section.

7.2. Future Directions

Due to the versatility of polyelectrolyte multilayers, there are many directions which can
be pursued in the area of biomaterials. Using polyelectrolyte multilayers as a resistant
background for patterning mammalian cells has many possibilities. Since the multilayers can be
assembled on thin coverslips or other clear materials, this patterning technique makes an
excellent candidate for studying cells using confocal microscopy at very high magnification.
Studying patterned cells has many implications for learning how cells communicate and behave

in relation to other cells. Pattern made of thiols on gold would have much more difficulty with
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this application. In addition, the long term stability of the cell patterns lends itself well to
studying primary neuron patterns or other cell types that need long culture times.

Drug delivery from porous polyelectrolyte multilayers is another very promising
application. This thesis researched small molecule drug delivery, which has potential for
delivery of many anti-cancer compounds. The zero-order manner in which the multilayers
release drugs is very desirable for sustained release in vivo and for basic drug research. Another
future direction for polyelectrolytes is the local delivery of growth factors and proteins. Many of
the principles of small molecule delivery from porous polyelectrolyte multilayers could be used
for delivering macromolecules. A coating that delivers proteins to cells on the surface has
applications for in-dwelling medical devices and in vitro cell culture. Delivery of drugs from an
implant surface could signal specific cells or influence cells’ phenotypes. This kind of localized
drug delivery could either promote or inhibit specific tissue growth around the implant. For
studying cells in vitro, protein delivering surfaces have potential for studying dosage effects of
drugs or delivering specific growth factors to cells. These types of materials would eliminate the
need to inject the compounds and would eliminate spikes in concentration.

Of the applications discussed in this thesis, antibacterial coatings have perhaps the most
commercial potential. Killing or eliminating bacterial adhesion is important for mcdical
implants, medical equipment, the food industry, industrial piping, and even household items.
Catheters are a class of medical implants that could greatly benefit from antibacterial coatings.
They have a high bacterial infection rate and must be replaced frequently due to this problem.
Superhydrophobic coatings are particularly interesting for this application because the lifetime of
such a coating is theoretically limitless since it does not rely on a finite supply of a compound

leaching out of the film. Besides indwelling medical devices, other potential applications for
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fouling resistant superhydrophobi¢ multilayers include industrial piping and equipment. Biofilm
build-up is a major problem in most industrial processes, and causes many health and product
quality problems. However, to be of use in these applications, the long-term antibacterial
properties of both the silver-loaded and superhydrophobic multilayers needs to be studied and
quantified. This includes studying the silver-ion release from multilayers and biofilm formation.
Finally, the properties of silver-loaded/superhydrophobic multilayers need to be characterized
since these films combine two very favorable qualities. In addition, polyelectrolyte multilayers
could be functionalized with other broad spectrum antibacterial compounds to expand their

functionality.
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