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ABSTRACT

The layer-by-layer process, whereby aqueous solutions of oppositely charged
polymers are alternately and repeatedly deposited onto a substrate, has emerged in recent
years as a promising approach for creating thin films with nanoscale control of structure,
composition, and surface properties. Applications ranging from surface modification to
optical and electronic devices have arisen from the versatility of this nanocomposite
fabrication technique. The additional ability to assemble into films a wide variety of
biological entities, such as enzymes and DNA, has expanded the use of polyelectrolyte
multilayers for biosensor and other biomaterials applications.

This thesis further explores the rationale of using multilayers as biomaterials, with
particularly emphasis on the importance of the underlying molecular architecture. Many of the
results presented here concern films assembled from weak polyions, i.e., ones with pH-
dependent charge densities, including poly(acrylic acid) (PAA) and poly(allylamine
hydrochloride) (PAH). Using weak polyions enables the creation of thin films with chemical
and structural properties controlled with nanoscale precision by simply adjusting the pH of the
polymer solutions.

Under certain assembly conditions, initially nonporous PAA/PAH films become nano-
and/or microporous through a simple pH-induced phase separation in acidic water (pH ~ 2.4),
even with an exposure time of just a few seconds. By adjusting several processing parameters
(e.g., the time, temperature, ionic strength, and a secondary rinse with neutral water), it is
possible to generate either interconnected or discreic porous morphologies. The interaction of
a highly adhesive mammalian NR6WT fibrobias. cell line with various PAA/PAH films and
other multilayer systems of differing compositions, structures, and charge densities has also
been explored. This thesis demonstrates that by manipulating the multilayer pH assembly
conditions, which in turn dictates the molecular architecture of the thin films, one may
powerfully direct a single multilayer combination to be either cell adhesive or cell resistant.
Highly ionically stitched multilayers attract cells, whereas weakly ionically crosslinked
multilayers, which swell substantially in physiological conditions and thereby present richly
hydrated surfaces, resist cell attachment. This unprecedented ability to fine-tune a multilayer
to be either cell adhesive or bicinert, along with the unique feature of controllable porosity,
allows polyelectrolyte multilayers to be envisioned for membranes, controlled release, and
biocompatible implant coating applications.
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Title: TDK Professor of Materials Science and Engineering
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Chapter 1:
introduction and Background

1.1 The Field of Biomaterials

The merging of medicine, biology, and engineering in recent decades has provided
many new opportunities to treat disease, particularly at the molecular level. Magnetic
resonance imaging (MRI), minimally invasive surgery, organ transplantation, and even
genetic engineering are just a few examples of cutting-edge technologies that are now
becoming routine ways to diagnose and heal patients. Another remarkable advance that has
had a significant impact and improvement on many people’s lives is the field of biomaterials,
whereby typically synthetic materials replace or repair injured or diseased body tissues.'”
Dissolvable sutures, contact lenses, dental implants, bone screws, and hip joint replacements
are just some of the many diverse biomaterial devices used by the millions today. Two of the
more nascent, state-of-the-art subdisciplines of biomaterials—controlled drug delivery* and
tissue engineering®*—will surely become important and commonplace technologies in the 21
century. All of these medical devices and biomaterial applications involve a complex
interplay between the cells and tissues of the physiological environment and the implanted

material(s); this interaction is captured by the concept of biocompatibility.
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1.1.1 Biocompatibility

One of the most obvious requirements for any biomaterial, whether synthetic or
natural, is to be non-toxic and safe to the host body. Though it has been defined in several
different ways, the concept of biocompatibility summarizes these essential needs of any
medical device. Biocompatibility may be thought of as the harmonious integration of the body
with the biomaterial without evoking any significant inflammatory or immunological
responses; the biomaterial should not irritate or harm the surrounding tissues or the body as a
whole, and the body should similarly not damage the implant.! While the host physiology
perceives nearly all medical implants as “foreign,” which then typically results in an
inflammatory reaction to some degree, a major aim in biomaterials is to abate any negative
response and instead induce desirable material-tissue interactions. Thus, making implant
materials more biocompatible is a high priority.

Much of the body’s reaction to a foreign implant resembles the natural process of
wound healing. Both a short-term acute response and a longer-term chronic response
constitute general wound healing as well as the typical reaction to any biomaterial. Upon
implantation, virtually any biomaterial rapidly adsorbs a nonspecific layer of proteins that
then attract the body’s immune cells, inclucfimg neutrophils, macrophages, and foreign body
multinuclear giant cells (composed of xﬁhny macrophages) to deposit onto the implant
surface."'® Ratner has appropriately termed this common albeit undesirable and nonspecific
physiological response a “blah” reaction.!' Furthermore, this acute reaction may induce

2.
10,12 in

migrating fibroblast cells to form an encapsulating layer of scar-like, collagenous tissue
order to “wall-off” the biomaterial''; this “walling-off” effect is the body’s attempt to get rid
of the foreign material, which, of course, undermines the very reason the biomaterial was
implanted in the first place. Depending on how irritating or biocompatible the implant is, the
body may either accept the material with a relatively mild reaction (i.e., with little or even no
fibrous encapsulation) or, on the contrary, elicit a strong negative response marked by a
thicker, persistent capsule with long-term inflammation typically. Chronic fibrous
encapsulation may hinder device performance, necessitate implant removal, increase the risk
of infection, or cause clinical complications and patient dissatisfaction, as was, for example,

frequently reported and we!l-publicized by patients with silicone breast implants.”

Additionally, in blood-contacting medical devices, it should be noted that the nonspecific

14



protein adsorption onto the implant surface might trigger platelet activation and a dangerous
biochemical cascade that may potentially lead to thrombosis (blood clots)."

In the past, many researchers even perceived the common *“walling-off” phenomenon
as indicative of good biocompatibility. However, an emerging theme that challenges that view
suggests instead that true biocompatibility involves the body integrating with the implant in a
specific, presumably predictable and engineered way, and certainly not in reactions whereby
the body tries to exclude or “wall-off” the device."' Central to Ratner’s theory and now many
other emerging perspectives on biocompatibility is to first and foremost control (i.e., usually
eliminate) the nonspecific adsorption of proteins to the biomaterial, since proteins mediate
cell adhesion.'" After having prevented uncontrolled protein adhesion, specific biomolecular
cues, such as the protein adhesive sequences like the well-known RGD (arginine-glycine-
aspartic acid) tripeptide, may be reintroduced to signal cell activities, encourage cell binding,
and promote cell proliferation in a controlled manner.'>'*'®

The promising biomaterials field of tissue engineering>—which aims to restore
damaged tissue often with both a synthetic polymer scaffold and living cells, could benefit
greatly from controlled cell behavior. Typically, the polymers, which may resorb or degrade
over time, are seeded with cells and occasionally beneficial growth factors or other signaling
biomolecules as well. The polymer acts as a supporting scaffold for directing the cells to
grow, regenerate lost function, and organize into healthy tissue that can incorporate into the
surrounding tissue. Thus, having specific adhesive molecules that bind only the desired cell
type(s) necessary to regenerate new tissue—and not unwanted or inflammatory cells—is
important. Figure 1.1 depicts this emerging demand in tissue engineering and biomedicine to
create truly bioactive systems—the approach of being able to block uncontrolled cell and
protein adhesion and then to re-establish cell-material interactions in a predictable fashion,
often with precisely engineered geometries as well.'*'*'®

With such an approach as that shown in Figure 1.1, it is also possible to have multiple
cell types coexist, such as a primary cell type plus other supporting cells for tissue regrowth.
Besides tissue engineering and biomaterials in general, other biotechnology and industrial
processes, including nonfouling membranes and separation filters, bioreactors, biosensors,
novel cell and protein arrays, and high-throughput combinatorial synthetic processes, among

others, could also greatly benefit from controlled biological-materials interactions.
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Inert background

Figure 1.1: Schematic of the biocompatibility concept of creaiing a bioactive system for medical
implant surfaces. The important elements are: 1) a bioinert background to resist nonspecific cell
attachment, and 2) the inclusion of specific binding molecules (e.g., RGD or other peptide ligands,
depicted by the A symbol) to encourage desired cell attachment. The patterning of these two elements
in precise geometries can also be accomplished, as illustrated above.

1.1.2 Bioinert Materials

To accomplish the goal of eliminating nonspecific protein adhesion and thus
undesirable cell attachment, numerous protein-resistant or so-called “bioinert” materials have
been developed. While some researchers may claim that no material can be truly inert in the
physiological environment, there are indeed some substances that significantly reduce
uncontrolled protein and cell attachment. Ideally, these bioinert materials provide a cell-
resistant background, which then can be modified with appropriate biochemicai signals to
enable the growth of desirable and useful cells for the end-goal application. Polymeric or
oligomeric ethylene glycol (PEO, PEG, or 0-EG), a hydrophilic material with a proven ability
to resist protein adhesion, often exemplifies the bioinert background material in such an
approach. While there is some debate as to the exact mechanism of its protein resistance,
researchers speculate that PEO’s attributes—its neutral charge, strong hydrogen bonding
interactions with water, and chain flexibility (but only in its polymeric not oligomeric
form)—render it a hydrated molecule that can sterically repel proteins.'”'®

Unfortunately, PEO succumbs to auto-oxidation and hydrolytic degradation over time
and thus has poor stability in long-term clinical applications. Consequently, other materials,

21,22

including PEO-based hydrogels,'"*® dextran, mannitol,”* poly(vinyl alcohol),*

polyacrylamide,” and phosphatidylcholine,”® have been explored as viable bioinert

alternatives. Among the processing schemes to achieve the bioinert background is to utilize

)23‘26-31

self-assembled monolayers (SAMs or one of a number of various grafting or

16,32,33

polymerization approaches to present one of these resistant materials onto the surface of
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interest. However, potential problems with incomplete, non-uniform surface coverage, the
need in many cases for multiple synthetic steps, and for the case of SAMs, its restriction to
silicon or gold substrates, tend to limit somewhat these approaches for creating bioinert
coatings. As will be discussed in this thesis, yet another method based on polyelectrolyte
complexes may offer a unique way by which to manipulate virtually any material surface,
such as rendering the surface cell-resistant and/or bioactive in order to achieve controllable
and desirable biomaterial-tissue interactions. Moreover. this technique—known as the layer-
by-layer processing of polyelectrolytes—forms nanostructured, conformal, highly tailorable
as well as patternable coatings with the further potential for becoming porous, which would
be useful for controlled release applications. Before detailing this process, it is worth
explaining some background on polyelectrolyte complexes and their use in biomedical

applications.

1.2 Polyeiectrolyte Complexes as Biomaterials

Compared to non-charged polymers, polyelectrolytes are macromolecules with a high
percentage of ionizable functional groups. The presence of charges in the chain backbone or
on pendant groups allows polyelectrolytes to bind to oppositely charged surfaces and produce
complexes (also known as symplexes) with oppositely charged polymers. Consequently,
oppositely charged polyelectrolytes in solution can form water-soluble or insoluble,
precipitated complexes depending on their specific binding interactions as well as the pH,
ionic strength, molecular weight, and the stoichiometric ratio between the polymers.**
Usually, the complexation of two oppositely charged polyelectrolytes leads to a phase
separation from the solution. In one type of phase separation process known as complex
coacervation, two oppositely charged polyelectrolytes aggregate together as they undergo a
so-called liquid-liquid phase separation or partial desolvation from solution. The resulting two
liquid phases are: 1) a hydrated, polymer-rich, gel-like phase called the “coacervate phase,”
and 2) a polymer-deficient, liquid phase termed the “coacervate medium.”** Typically,
complex coacervation yields an interfacial ionic thin film between the two polyelectrolytes,
which may become a porous membrane resulting from the interfacial diffusion of the chains

during the phase transition.’
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Both precipitated and coacervated polyelectrolyte complexes have potential use in
biomedical applications in the form of thin films and porous membranes. Furthermore, due to
their ionic nature, hydrogel structure, and permeability to bodily fluids, polyelectrolyte
complexes possess many features similar to proteins and biological tissues.>**’ This protein
resemblance along with their low toxicity, hydrophilicity, good mechanical strength, inherent
ability to bind with molecules of opposite charge, and unique phase separation behavior have
made polyelectrolyte complexes attractive candidates for biomedical use.***’In fact,
polyelectrolytes have a long history as implant materials, with applications as contact lenses,
drug delivery systems, dental adhesives, blood compatible and anti-clotting coatings,
membranes, scaffold materials for tissue regeneration, and enteric coatings for drugs.***"

One of the most studied biomedical applications of polyelectrolyte complexes is for
encapsulating cells (or cell products, drugs, genes, or enzymes) for novel therapeutic
purposes, such as cell-based internal artificial organs. In 1972, Chang first pioneered the
possibility of encapsulating enzymes or cell components into synthetic nylon, polystyrene. or
cellulose nitrate polymer membranes.” In 1980, there was the well-known report by Lim and
Sun who demonstrated the complex coacervation of the polyanion alginate with the
polycation poly-L-lysine as an effective method to encapsulate pancreatic islets (clusters of
glucose-sensing and insulin-secreting cells) for the treatment of diabetes.*® Since then, the
encapsulation of healthy, foreign cells (i.e.. cross-species xenografts or human allografts) in
order to isolate them from the recipient patient’s immune system has emerged as a potential
high-tech treatment for many ailments, including neurological conditions and chronic pain.*'
In such an approach, a semipermeable membrane entraps the foreign cells from the host’s
immune system by sterically controlling the passage of molecules via the size of its pores.
Small molecules, such as oxygen, nutrients, wastes, and secreted proteins or other cell
products, may freely diffuse through the permselective membrane, while much larger
antibody molecules and immune cells are excluded. Therefore, the cells can survive and
remain functional by receiving necessary nutrients and oxygen without being recognized and
attacked by the host’s immune system. It is also important for the membrane materials to be
biocompatible and not succumb to significant fibrous encapsulation, which would severely

hinder the transport of solutes through the membrane, thus possibly detrimentally depriving
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the trapped cells of much needed oxygen and nutrients. Consequently, a bioinert membrane
coating would be quite advantageous for immunoisolation applications.

Many researchers have tried to improve upon the classic alginate-polylysine
coacervate chemistry in hopes of simultaneously optimizing the biocompatibility,
permeability, and mechanical integrity of polyelectrolyte complex capsules. Due to
biocompatibility concems that polylysine may be toxic to cells, an additional layer of alginate
is often adsorbed to the microcapsule to produce a tri-layered alginate/polylysine/alginate
complex coating.*? Thus, several groups have realized this process could be extended to
include not two but three or even more layers for additional improvement of the capsule
properties. For example, Pommersheim et al. have successfully applied to alginate capsules
containing enzymes or islets many alternate layers of the polyanion poly(acrylic acid) (PAA)
and the polycation poly(ethyleneimine) (PEI).*** In addition, the same group has assembled
alternating multilayers of PAA and poly(N-vinylamine) (PNVA) to enzyme-containing
alginate beads.* Using these multiple layers of polyelectrolytes, they report better control of
the permeability and mechanical strength compared to single-step membrane-forming
complexation. Prokop et al. similarly observed that polyelectrolyte complex membranes
formed in several steps excelled over the ordinary binary complex coacervation that yields an
interfacial membrane in one step.*® Therefore, it appears that the most optimal method for

creating semipermeable polyelectrolyte complexes is to use a multilayering scheme.

1.3 The Layer-by-Layer Processing of Polyelectrolytes

1.3.1 Introductory Remarks

As discussed in Section 1.2, polyelectrolyte complexes have been proposed to be
useful biomaterials due to their resemblance to physiological tissues and proteins.
Furthermore, many drug and cell encapsulation strategies rely on polyelectrolyte
complexation, particularly on a single two-layer polycation-polyanion system. As mentioned
above, the repetitive layering of polyions to form capsule walls is also a possibility, as
demonstrated by Pommersheim et al.** Their alternate deposition of polycations and
polyanions onto capsule cores is an example of a recently developed thin film fabrication

method known as the layer-by-layer processing of polyelectrolytes.
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The layer-by-layer process effectively assembles polyelectrolyte complexes one
molecular layer at a time to form what are known as polyelectrolyte multilayers. Introduced
by Decher et al.*”* in the early 1990’s, polyelectrolyte multilayer deposition is a simple yet
highly versatile technique whereby ultrathin films are assembled electrostatically from the
repetitive, sequential adsorption of oppositely charged polyelectrolytes from dilute aqueous
solution onto a substrate. However, in certain polymeric systems, hydrogen bonding, rather
than electrostatic attraction, is the assembly mechanism.”*> This layer-by-layer technique
enables the development of complex heterostructures and the control of thickness and surface
properties at the nanoscale level, resulting in uniform, highly interpenetrated ultrathin fiims.
Moreover, because the layer-by-layer method assembles polyelectrolyte complexes onto a
substrate, the problem of forming complexes that precipitate in solution is avoided. Since it
builds films one molecular layer at a time, the technique additionally affords better control
over the molecular architecture than other more conventional thin film fabrication techniques,

such as the Langmuir-Blodgett (LB) method. It should be noted that dip coating with alternate

54.55

polyion solutions is a common way to prepare multilayer films, yet spin coating™" and spray-

coating® are alternative useful processing schemes to deposit multilayers.
Essentially any synthetic or natural polyion can be used to fabricate the multilayer thin
films in this customizable, environmentally sound, aqueous-based process, which is

additionally easily automated and able to be upscaled for mass production. A wide variety of
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materials, such as synthetic polyelectrolytes,”™ conductive and light emitting polymers,

63.64 65,66

dyes,**** inorganic/clay molecules,”*® and biopolymers, such as chitosan,’” DNA,®7!

69,72-76

proteins/enzymes, and even viruses,” have effectively been constructed into multilayer

assemblies. The resulting polyelectrolyte multilayers can coat reproducibly substrates of any
type, size, shape, or texture with well defined properties of fiim thickness, composition,
conformation, degree of interchain ionic bonding, roughness, and wettability. With its
unprecedented potential in creating ultrathin films with tailorable nanoscale features, the

layer-by-layer approach has been investigated for a diverse range of applications including,

62,78 57.58

but not limited to, ligh’ emitting devices,” " surface coatings with tailored wettabilities,

69.74.75.80.81

chemical sensors,” biosensors, and potential biomaterials applications.”’*** As a

86-88

whole, the field of polyelectrolyte multilayers has been reviewed recently,” with respect to

both its fundamentals and applications.
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1.3.2 The Mechanism of Multilayer Assembly

The layer-by-layer process, as depicted in Figure 1.2, generally involves sequentially
immersing clean substrates into dilute solutions of a polycation and a polyanion. Virtually any
substrate, including silicon, glass, polystyrene and other plastics, quartz, and inorganic
crystals such as zinc selenide, may easily be used in the technique. Even colloids and
nanoparticles have been frequently employed as substrates.”***" In a typical layer
construction, the charges of an adsorbing polyelectrolyte molecule bind to the oppositely
charged previous layer. Charge overcompensation on the adsorbing polymer layer reverses
the net surface charge to facilitate the binding of the next layer. Rinsing with neutral,
ultrapure water between the polyelectrolyte baths removes any loosely bound molecules. The
substrate is then dipped into an oppositely charged polyelectrolyte that readily adsorbs to the
oppositely charged film surface; this single alternating polycation/polyanion combination,
which makes one bilayer, may be repeated as many times as needed to achieve a desired film
thickness. Thus, the electrostatic interactions occurring between the oppositely charged ions

on the polymers usually enable the construction of multilayer thin films.

Polyanion Polycation

Figure 1.2: Schematic of the layer-by-layer process showing the sequential absorption of alternating
polyions onto an immersed substrate. The cycle may be repeated as indicated to form films with a
desired thickness. Automaticn of this simple process has also become routine.

Commonly, the layer-by-layer approach uses two polyelectrolytes, but additional

polymers or other non-polymeric charged species may be included to form even more
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complex structures, as long as there exists an alternation in charge. As mentioned previously,
hydrogen bonding can alternatively serve as the assembly mechanism for certain polymeric
systems.”** Additionally, more sophisticated. specific molecular interactions involving
enzyme-substrate binding, such as avidin-biotin chemistry, may be used to engineer protein-
containing multilayer films.®** Therefore, the layer-by-layer approach advantageously
enables the researcher to be quite flexible in fabricating useful, ultrathin films with complete

control in determining the final multilayer architecture and composition.

1.3.3 Controlling Multilayer Properties

Perhaps the primary advantage of the polyelectrolyte muitilayer process is being able
to control the thin film architecture with nanoscale precision. The layer-by-layer technique’s
efficacy in creating these high quality thin films with controllable structure and surface
properties derives from its facile manipulation of the processing variables. The molecular
weight of the polyelectrolytes, the concentration and pH of the dipping solutions, the number
of layers assembled, the identity of the outermost layer, and the solution ionic strength (i.e.,
the presence and concentration of salt), are important parameters that enable the formation of
functional thin film polymer materials. Various properties, such as the film’s wettability,
surface roughness, degree of layer interpenetration, number of free ions, and layer thickness,
may easily be modified by appropriately adjusting these processing conditions.

The pH of the polyelectrolyte dipping solutions is of particular importance in
manipulating the multilayer's molecular architecture. Strong polyelectrolytes possess a degree
of ionization (o) relatively independent of their solution pH. However, weak polyelectrolytes
are strongly influenced by pH and can change their linear charge density in solution, with

respect to their pK, values, according to a modified Henderson-Hasselbach equation'®:

-

pH=pK, - log(———) +0.434 AG,
o

RT

1)

where AG, is the free energy change involved in dissociating functional groups on the
molecule, R is the universal gas constant, and T is the temperature. In fact, weak
polyelectrolytes can readily alter their pK, over several pH units depending on their

environment.*® For example, poly(acrylic acid) (PAA), a common weak polyanion having a
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pK.,in aqueous solution of about 4.5-5.5, may substantially change its pK, to well below 3
during the assembly of some multilayers.

Simply adjusting the pH of the polyion dipping solutions easily enables one to control
the bilayer thickness, composition, and the degree of layer interpenetration. For instance,
either depositing strong polyelectrolytes (in the absence of salt) or adsorbing weak polyions at
pH conditions where the polyelectrolytes are fully charged, will create a strong force of
Coulombic attraction between the absorbing layer and the previous layer; this results in high
degrees of opposite ion pairing (“train” conformations) and consequently thin layers (i.e., less
than a few angstroms thick) that are molecularly smooth. However, for weak polyelectrolytes
adsorbed at pH values when the charge density of one (or both) molecule(s) is low, the
electrostatic forces are reduced, so the opposite ions cannot pair up as readily. Therefore, non-
fully charged molecules deposit with a high number of loops and tails, forming thicker, so-
called loopy, and rougher layers. With the additional of salt, strong polyelectrolytes may also
be formed into thicker, loopier layers,'”' since the added salt screens charges on the polyion
backbones. Using weak polyions allows pH-induced charge screening effects without adding
salt. To summarize the concept of fully- and non-fully- ionized layers, Figure 1.3 portrays
schematically the train and loopy conformations that may be exhibited by weak

polyelectrolyte multilayers simply via pH adjustments.

S
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Figure 1.3: Schematic of: a) thinner, higher charge density, train conformations due to coordinated
ionic pairing; b) thicker, lower charge density, loop-rich conformations due to uncoordinated ionic
stitching in layers.

The Rubner group has extensively studied multilayers assembled from weak polyions,
particularly the weak polyanion PAA and the weak polycation poly(allylamine hydrochloride)
(PAH) and has compiled a 3-D matrix of how the PAA/PAH bilayer thickness varies as a
function of the deposition pH of PAA and PAH.*® Again, the pK,of PAA, a polyacid, in

aqueous solution is about 4.5-5.5, so it is ~ 50% charged in solution at pH ~ 5, much less
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charged at a pH << 5, and fully charged a few units above its pK,. For PAH, a polybase with a
pK.,~ 8.0-10.0, it is essentially fully charged only several units below its pK, and partially
charged near and above its pK,. Consequently, variations in pH, even by just one or two pH
units, can dramatically alter the PAA/PAH bilayer thickness.’”*® As stated earlier, pH
combinations where the polymers are both fully charged yields ultrathin, smooth layers with a
bilayer thickness of just a few angstroms, such as that exhibited by PAA/PAH films deposited
each at pH 6.5. However, much of the matrix exhibits substantially thicker bilayers due to the
PAA or PAH not being fully charged, which results in loopier and thus more expanded
conformations. Several specific PAA/PAH multilayer combinations will be presented in detail

in Chapter 2.

1.4 Previous Biomedical Applications of Polyelectrolyte
Multilayers

1.4.1 Iniroductory Remarks

As nanofabricated polyelectrolyte complexes, polyelectrolyte multilayers should offer
much promise for biomaterial applications. During 2002, certain types of extended-wear
contact lenses that have been coated with hydrophilic multilayers for better patient
compliance will be manufactured and soon available to the public. Developed from research
from the Rubner group, these lenses will be some of the first commercial products based on
polyelectrolyte multilayer technology.

Other biomedical applications are surely to arise out of multilayer processing.
Numerous groups have already elicited layer-by-layer schemes to assemble hybrid protein-
polymer thin films. Some of the specific biomolecules used to create these nanocomposite
protein-synthetic polyion multilayers include hemoglobin, myoglobin, lysozyme, and glucose
oxidase, among many others’>*'%%; if the proteins (e.g., glucose oxidase) are enzymatic in
nature, it is believed that the multilayer films may provide a range of enzyme-based biosensor
applications. In fact, researchers report that enzymes or antibodies contained within
multilayers often exhibit more sensing activity than those immobilized via other methods.®'
Furthermore, the enzymatic or antibody activity increases with an increasing number of the
protein layers.®’ Multilayer processing also easily enables the production of several-step

enzymatic thin film biosensors in which multiple types of enzymes—which share dependent,
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cascading reactions—are located in different parts of the film with nanoscale-controlled
spacing.””

Drug delivery capabilities using polyelectrolyte multilayers also seem viable. Chung
and Rubner have used the small molecular weight, cationic dye methylene blue and the
anesthetic drug procaine to represent how drugs could be loaded into the layers of PAA/PAH
films and subsequently be released.'® Additionally, since polyelectrolyte multilayers may be
assembled onto virtually any type, topology, size, or shape of substrate imaginable, several
groups have deposited muitilayers directly onto sub-micron or micron-sized colloids. Notably,
Caruso’s and Mohwald’s groups have published extensively on the fabrication of multilayers
directly onto colloids or polystyrene latex nanoparticles, typically several hundred nanometers
in size.”****" Furthermore, an appropriate chemistry, such as a specific solvent or pH, may be
used to dissolve the colloidal core, leaving behind a hollow capsule with a polyelectrolyte

multilayer shell, which would be quite useful for entrapping useful therapeutic agents.”**” In

a logical extension of that work, those groups have coated enzyme crystals,'™ drug crystals,'*
and glutaraldehyde-fixed human blood cells.®***>!% Moreover, the controlled release of

107-1% and ibuprofen drug molecules'® from polyelectrolyte multilayer

fluorescent molecules
core-shell capsules has recently been demonstrated. Overall, these core-shell multilayer
systems appear to be quite useful approaches for enzyme bioreactors and biosensors,

controlled release and drug delivery systems, and cell encapsulation purposes.

1.4.2 Previous Cell Interaction Studies with Polyelectrolyte Muitilayers

While many groups have investigated incorporating active proteins into multilayer
assemblies, there has been little work examining the interactions of living cells with
polyelectrolyte multilayers. As discussed in section 1.4.1, some groups have fabricated

multilayer films onto chemically fixed cells,??*%'%

and Pommersheim et al. successfully
encapsulated living islets with multiple polyionic layers as well.***° Nevertheless, those
researchers report only that they were effectively able to encapsulate the cells and have not
rigorously addressed the biocompatibility interactions of those cells with the multilayers.

A few other cell-multilayer studies have been reported, although they also do not
explore in depth the in vitro behavior in terms of cell attachment, spreading, and proliferation.

Chluba et al. demonstrated the ability of melanoma cells to respond in a specific biological
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manner to signaling hormone molecules immobilized within multilayers.* Kotov’s group has
reported how both muscle and neuronal precursor cells readily attached to multilayers
assembled from collagen, a natural biopolymer, and the synthetic polyelectrolyte sulfonated
polystyrene (SPS).* Serizawa et al. fabricated biopolymer-based multilayers of chitosan and
dextran sulfate and demonstrated how the outermost layer could definitively affect the
biological activity of the entire film.*” Depending on whether the chitosan or the dextran
sulfate was the surface layer, the films alternately showed either pro- or anticoagulant
properties, respectively, with human blood.®” Overall, all of these papers suggest just how
powerful the layer-by-layer method is for constructing uniform, nanoscaled-controlled bio-
interfacing thin films.

Another study, that of Hubbell’s group,*’ has investigated more thoroughly how
(fibroblast) cells behave onto various polyelectrolyte multilayers. The researchers examined
multilayer films of polylysine and alginate, the classic biopolymer-based system often used in
many cell coacervate capsule formulations. Their study reveals that alginate/polylysine films,
when deposited onto otherwise cell-adhesive substrates, such as extracellular matrix (ECM),
collagen, and ordinary tissue culture polystyrene (TCPS), could actually render those surfaces
to be quite cell resistant; an increasing degree of cell adhesion resistance correlated with an
increasing number of adsorbed alginate/polylysine layers.* In contrast to the report of
Serizawa et al.,% the alginate/polylysine films did not show any alternating bioactivity; films
with either polymer as the outermost layer were cell resistant. It should alsc be emphasized
that the individual alginate and polylysine layers were much thicker and gel-like rather than
molecular monolayers as what is typical of most polyelectrolyte multilayers in the literature.
Thus, to date, while there have been some basic studies regarding the general interaction of
multilayers with living cells, there has been no rigorous, systematic study of how the
molecular-level processing and characteristics of multilayer thin films affects the resulting

cell behavior.

1.5 Thesis Outline and Aims

This thesis in general addresses several different aspects of polyelectrolyte
multilayers—1) their fundamental assembly and structure, 2) their abiiity to undergo pH-

induced morphological changes that may lead to nano- and microporous thin films, and 3)
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their basic interactions with proteins and living cells—all of which should provide a solid
foundation for determining the rationale and utility of polyelectrolyte multilayers for potential
biomaterial applications. Specifically, Chapter 2 describes the experimental protocol and
analytical methods used to assemble and characterize the polyelectrolyte multilayers
discussed throughout this thesis. In particular, the chapter presents the defining characteristics
and properties of several different representative PAA/PAH systems along with some other
weak and strong polyion multilayer combinations. Chapter 3 details a unique nano- and
microporosity-inducing morphological transformation that may have implications in creating
porous biomedically-relevant thin films, along with other useful optical- and/or
microelectronic coatings. The interrelated Chapters 4 and 5 concern the protein and cell
interactions with polyelectrolyte multilayers, respectively, which are essential components in
evaluating and manipulating their biocompatibility. Those chapters importantly demonstrate
how multilayer assembly schemes enable the researcher to have complete control over the cell
adhesiveness of nanofabricated polymer surfaces; remarkably, one can direct the same
multilayer sysiem to be either highly cell-adhesive or completely cell-resistant simply by
adjusting the pH conditions of the constituent polyelectrolyte dipping solutions. Therefore,
this thesis attempts, for the first time, to relate in vitro cell responses with the molecular-level
assembly features of multilayer thin films. Finally, Chapter 6 summarizes the thesis as a
whole and provides ideas for future work.

Overall, this thesis attempts to show that processing synthetic polyions and/or other
molecules of biological interest via the layer-by-layer approach enables the unprecedented
superior nanoscale control over the chemical, physical, and even the biological properties of
polymeric thin films. As Chapter 5 will show, the underlying molecular architecture of
multilayers can remarkably dictate substantially different cell responses. Thus, since one can
easily direct the interaction of multilayer thin films with living cells, it is possible to engineer
materials and surfaces with predictable biocompatibility responses. To reiterate, the
multilayer processing of polyelectrolytes will scon be utilized in the manufacture of certain
contact lens coatings. As will be discussed in this thesis, multilayers may be tailored in many
useful ways, such as being micropatterned, made nanoporous or microporous, and/or made
cell adhesive or cell resistant. These unique features should allow polyelectrolyte multilayers

to be suitable tailorable nanoengineered architectures for many biomaterial applications,



including useful bioinert implant coatings, porous biomedical thin films or membranes,

controlled release systems, and substrates for biosensors and patterned cell arrays, among

many others.
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Chapter 2:

Fundamental Assembly Characteristics of
Polyelectrolyte Multilayers

2.1 Introductory Remarks

As introduced in section 1.3, the layer-by-layer approach is a versatile method by
which to prepare thin film heterostructures with molecular-level control of film thickness,
composition, conformation, roughness, and wettability. A rich library of various multilayer
features has been reported simply by blending poly(acrylic acid) (PAA) and poly(allylamine
hydrochloride) (PAH) at different deposition pH conditions,' as presented previously in
section 1.3.3. Even one pH unit could result in dramatically different chain conformations,
layer thicknesses (ranging from only a few angstroms to many tens of angstroms), and
compositions (i.e., the relative ratio of PAH to PAA).

This chapter provides the experimental protocols used to fabricate and characterize the
polyelectrolyte multilayer thin films discussed throughout in this thesis. The assembly process
and analytical tools detailed herein may similarly be applied to any other multilayer
combination that cne may wish to study. Finally, several PAA/PAH multilayer systems

representative of different thickness and conformation regimes are described, followed by the
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introduction of some other weak and strong polyelectrolyte multilayer combinations also
discussed in this thesis. The structures of the repeat units of the polymers mentioned in this

thesis are depicted in Figure 2.1.
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Figure 2.1: Chemical structures of some of the common polymers for multilayer thin film assembly.
Some negatively-charged polyanions include: a) poly(acrylic acid) (PAA), b) poly(methacrylic acid)
(PMA), and c) poly(styrene sulfonate) (SPS); some positively-charged polycations include: d)
poly(allylamine hydrochloride) (PAH) and e) poly(diallyldimethylammonium chloride) (PDAC); a
neutral polymer is f) polyacrylamide (PAAm).

2.2. Materials and Methods

2.2.1 General Multilayer ﬁeposmon and Assembly

Reagents. Poly(acrylic acid) (PAA) (My, ~ 90 000), poly(methacrylic acid) (PMA)
(My, ~ 90 000), and polyacrylamide (PAAm) were obtained from Polysciences as 25%
aqueous solutions. Poly(allylamine hydrochloride) (PAH) (My, ~ 70 000), poly(styrene
sulfonate), sodium salt, (SPS), (M, ~ 70 000), poly(diallyldimethylammonium chloride)
(PDAC) (M, ~ 100 000 — 200 000) as a 20 wt. % solution, the methylene blue dye, and the
rose bengal dye were purchased from Aldrich Chemical. The polymers were used without any
further purification, and their deposition baths were prepared as 10> M solutions (based on
the repeat unit molecular weight) using ultrapure 18 MQ-cm Millipore water. The polymer

solutions were pH-adjusted with either HCl or NaOH. Prior to multilayer assembly, all
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polymer solutions were filtered through a 0.45 um cellulose acetate membrane. The
methylene blue and rose bengal dyes were prepared as 10~ M solutions in Millipore water.

Multilayer thin film deposition. Polyelectrolyte multilayer thin films were deposited
directly onto any number of substrates, including polished <100> silicon wafers (Wafernet),
glass slides (VWR Scientific), ZnSe crystals (SpectraTech), standard or Permanox tissue
culture polystyrene (TCPS) slides (Nalgene), and TCPS petri dishes and multiwell plates
(Falcon) via an automatic dipping procedure using an HMS programmable slide stainer from
Zeiss, Inc. All multilayer fabrication was done at room temperature. The silicon wafers and
glass slides were normally first rinsed well with ultrapure water and then plasma etched in a
Harrick plasma cleaner for 2 minutes and blown dry with compressed, filtered air. The TCPS
slides were simply rinsed and blown dry, while the TCPS petri dishes and multiwell plates
were used as received.

All substrates for basic multilayer assemblies were first immersed in the polycationic
solution (e.g., PAH or PDAC) for 15 minutes followed by rinsing in 3 successive baths of
neutral water (pH = 5.5-6.5) with light agitation, for 2, 1, and 1 minute(s), respectively. The
substrates were then immersed into the oppositely charged polyanionic solution (e.g., PAA,
PMA, or SPS) for 15 minutes and subjected to the same rinsing procedure. This process was
repeated until the desired number of layers was assembled, after which the coated substrates
were removed from the automatic dipping machines, blown dry with compressed, filtered air,
and stored at ambient conditions until being characterized. Normally, 2 minimum of 10-15
layers was deposited when fabricating films in order to reduce any substrate effects; ultrathin
systems (e.g., PAA/PAH 6.5/6.5, as explained in section 2.3.1) usually were prepared to be at
least 40 layers in thickness to ensure a uniform film had been assembled before any
measurements were performed. Generally, the TCPS dishes and multiwell plates were
additionally dried at ~ 90°C for ~ 10 min.

2.2.2 Thickness Determination

The thickness and refractive index of multilayer films deposited onto silicon were
measured using a Gaertner ellipsometer, operating at 633 nm. Typically, a minimum of 5
measurements was obtained per sample. Profilometry was used on glass-coated substrates and

also on some silicon samples with an applied force of 5 mg.
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2.2.3 Wettability Measuremernits

To determine the film wettability, contact angles with pure water were acquired using
the standard sessile drop technique with an Advanced Surface Technology (AST) device and
camera. Samples were first blown dry with N, gas, and drops ~ 1 pL in size were applied to
the surface. Both advancing and receding contact angles were recorded on a minimum of 4

locations per sample. Wettable angles were recorded as < 10°.

2.2.4 Methylene Blue and Rose Bengal Dye Staining

Samples were immersed in either the methylene blue solution (adjusted to pH 7.0) or
the rose bengal dye solution (adjusted to pH 5.0) for 15 min followed by 3 successive neutral
water rinses with agitation for 2, 1, and 1 minute(s), respectively. UV-visible absorbance

spectra were then measured as described in section 2.2.5.

2.2.5 Chemicai Analysis: UV-visible and FT-IR Spectroscopy

UV-visible absorbance spectra were obtained at A, using an Oriel Intraspec II
spectrometer with a grating spacing of 150 nm. Absorbance measurements denote absorption
from both sides of the film. A Nicolet Fourier transform infrared (FT-IR) spectrophotometer
was used to obtain absorbance spectra after depositing the polyelectrolyte multilayers onto
ZnSe substrates. Absorbance values for the COO~ and COOH peaks of the PAA were
estimated by examining the absorbance signal bands at ~1550 ¢cm™ and ~1710 cm?,
respectively, and assuming approximately equal extinction coefficients. Each peak height was
also assumed to be the maximum of a Gaussian absorbance curve for its respective chemical

species.

2.2.6 Surface Morphoiogy and Roughness: Atomic Force Microscopy (AFM)

To determine the surface morphology and roughness of the multilayer samples, an
atomic force microscope (AFM, Digital Instruments Dimension 3000 Scanning Probe
Microscope, Santa Barbara, CA) was used in tapping mode with Si cantilevers. Spring
constants for the cantilevers were ~ 40 N/m. Typically, square images of I x 1, 5 x 5, or 10 x
10 um? images were obtained for samples using a scanning rate of ~1-1.5 Hz, a setpoint

~1-1.5 V, and a resolution of 512 samples/line. Generally, a “flatten” routine was performed
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on most raw images before any additional data processing, such as RMS (root mean square)

roughness analysis.

2.3 Representative PAA/PAH Polyelectrolyte Multilayer Systems

2.3.1 The 6.5/6.5 PAA/PAH System

The simplest PAH/PAA multilayer case to consider is when both weak
polyelectrolytes are deposited from solution at pH conditions where they are essentially fully
charged. A typical thin film representative of this fully charged situation is the 6.5/6.5
PAA/PAH system. PAH, being below its of pK, ~ 8-10, and PAA, being above its of pK, of ~
5, are both nearly completely ionized at 6.5/6.5 PAA/PAH conditions into carboxylate ions
(COO0") and charged amines (NH,"), respectively. As previously shown in Fig: re 1.3(a), such
fully charged multilayers adopt numerous stoichiometric, cooperatively paired (i.e., one
cation to one anion) “train” conformations. Consequently, these 6.5/6.5 PAA/PAH
multilayers are ultrathin and ultra-smooth yet still highly interpenetrated. A typical layer
thickness is well under 5 A, and even films of around 40 layers are < 10 A in RMS roughness.

Chemical analysis, via both FT-IR and UV-visible spectroscopy, has helped to
eiucidate much about the internal and surface bonding character of PAA/PAH thin films. For
instance, the absorbance of the cationic dye methylene blue, which binds to unbound
carboxylic acids (COOH), may easily be measured with UV-visible spectroscopy to identify
the fraction of free acids on multilayer film surfaces. Since very little methylene blue binds to
the surfaces of 6.5/6.5 PAA/PAH multilayers (regardless of whether PAA or PAH is the
outermost layer),' nearly all of the carboxylic acids are ionized and paired with the charged
amines of PAH. In fact, the 6.5/6.5 PAA/PAH film surface is approximately an equal
blending of PAA and PAH. Wettability measurements further confirm this surface mixing; the
advancing contact angle, 6,,,, on a 6.5/6.5 PAA/PAH multilayer with either PAA or PAH as
the outermost layer is ~ 25° and ~ 35°, respectively,” which is between the value of a pure
PAA film (6,, < 10°) and that of a pure PAH film (0,,, ~ 50-55°)."" The internal structure
similarly consists of nearly fully charged PAA and PAH chains existing in a densely ionically
stitched architecture. Specifically, COO™---NH;" ionic bonds abound in the film and act to

physically crosslink the multilayer.
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2.3.2 The 3.5/7.5 PAA/PAH System

A less straightforward multilayer case to consider is the 3.5/7.5 PAA/PAH
combination. Here, PAH is ~ 90% charged, but the PAA is only partially negatively charged
in a solution of pH 3.5. Therefore, the deposition of the weakly ionized PAA onto the
preceding highly ionized PAH layer reflects an assembly depicted in Figure 1.3(b), whereby
the PAA absorbs in a loopy conformation with many free acid groups on the film surface.
However, exposure to the next PAH layer at pH 7.5 (a pH condition at which the PAA would
normally be fully charged in solution) then re-ionizes those free acids, and the PAH readily
adsorbs to the underlying thick and loopy PAA iayer. What results is a thick, loop-rich film
that actually possesses a highly ionically paired internal structure, much like the substantially
thinner 6.5/6.5 case, yet with a surface rich in uncharged, free acids if PAA is the outermost
layer. Correspondingly, if PAH were the surface layer, many charged amines (ionicaily paired
to the carboxylic acids of the preceding PAA layer) and a small number of free, non-ionized
amines would be on the surface. In fact, FT-IR reveals that about 80-90% of the carboxylic
acids of the PAA chains are ionized within assembled 3.5/7.5 films,* a substantially higher
percentage than that of a pH 3.5 PAA solution.

The loop-rich nature of 3.5/7.5 PAA/PAH multilayers leads to unusually thick layers
of ~ 50-80 A and RMS roughness values approaching as high as ~ 50 A or more. Unlike the
6.5/6.5 system with its blended surface composition, 3.5/7.5 PAA/PAH films exhibit discrete
surfaces that retain the identity of the last layer deposited. Methylene blue absorbance is high
(~ 0.17) when PAA is the outermost layer, since the surface is predominately composed of
unpaired carboxylic acids. However, very little absorbance (~ 0.04) is seen when PAH is the
last layer deposited. Contact angle data also shows some alternation with respect to the
identity of the last layer deposited for the 3.5/7.5 PAA/PAH system. Specifically, a 3.5/7.5
multilayer with PAA as the outermost layer is wettable (advancing contact angle, 6,,, < 10°),
which is about the same value of a pure PAA film. compared to a value of 6,,, ~ 53° when
PAH is the surface layer, which is approximately the value of pure PAH."?

Overall, 3.5/7.5 PAA/PAH multilayers exhibit an unusual assembly process with PAA
deposited at a low degree of ionization, only to be subsequently “charged up” before the
addition of the next PAH layer. Although electrostatic COO™---NH," crosslinks abound in the

multilayer, most probably these bonds exist between many different polymer chains, not in a
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more preferable, well-coordinated 1:1 fashion as in the case of 6.5/6.5 multilayers.
Furthermore, 3.5/7.5 multilayers are an cptimal system for undergoing a large-scale phase
separation, simply induced by brief exposure to acidic water, which permits the creation of
nano- and/or microporous thin films.* This unique pH-induced porosity phenomenon will be

treated in depth in Chapter 3.

2.3.3 The 2.0/2.0 PAA/PAH System

Another interesting situation is when both weak polyelectrolytes in PAA/PAH
multilayers are deposited at low pH, typified by the 2.0/2.0 PAA/PAH multilayer
combination. Here, PAA is deposited at a low pH and thus is only slightly ionized, creating a
loopy conformation with many free acids, just like its behavior in the 3.5/7.5 PAA/PAH case.
However, the PAA then experiences PAH adsorbing also at a low pH, and therefore, unlike
the 3.5/7.5 PAA/PAH system, the PAA does not re-ionize upon exposure to the next PAH
bath. Hence, such 2.0/2.0 multilayers are abundant with uncharged carboxylic acids and do
not exhibit the high degree of intermolecular ionic pairing as in 6.5/6.5 and 3.5/7.5 PAA/PAH
multilayer films.

2.0/2.0 PAA/PAH films have a loop-rich conformation with layers ~ 25 A thick and
RMS roughness values of ~ 50 A for a typical 20-layer film. This thickness and loopiness
results from the fact that less than about 40% of the carboxylic acid groups of PAA exist in an
ionized form, as determined via FT-IR measurements. Methylene blue absorbance is quite
high (~1.29 or ~1.18) when either PAA or PAH, respectively, is the outermost layer, further
suggesting a surface rich in free carboxylic acids. Contact angles similarly show that the
2.0/2.0 surface is dominated by PAA segments when PAA is the outermost layer (6, < 10°).
Even when PAH is the outermost layer, the surface is significantly more hydrophilic (6,,,
28°) than a pure PAH-rich surface and thus is mixed with PAA chains. Therefore, 2.0/2.0
PAA/PAH multilayers are overall highly dominated, both internally and on the film surface,
by PAA segments, especially in their free, non-ionized acid (COOH) form. More specifically,
~75% of a typical 2.0/2.0 PAA/PAH film is composed of the PAA fraction. Since the 2.0/2.0
PAA/PAH films are rich with carboxylic acid groups, these multilayers offer numerous
reaction sites for subsequent chemistry. In addition, since there is only minimal ionic

crosslinking in these films, the 2.0/2.0 PAA/PAH system tends to exhibit a relatively open
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and thus more a permeable internal structure® compared to the more tightly-stitched 6.5/6.5
and 3.5/7.5 PAA/PAH combinations.

To further illustrate the structural differences among the 6.5/6.5, 3.5/7.5, and 2.0/2.0
PAA/PAH combinations, Figure 2.2 portrays proposed molecular architectures for each
system. In additiocn, Table 2.1 summarizes their average layer thickness, RMS roughness
values, the relative ratio of PAA to PAH segments, and the approximate % ionization of PAA
(PAH is essentially fully ionized, i.e., ~ 90%, in each case). Figure 2.3 also clearly illustrates
how the film thickness for each system increases with an increasing number of deposited
layers, yet the magnitude of the thickness in the individual combinations is quite different (as
indicated in Table 2.1). Both Table 2.1 and Figures 2.2 and 2.3 reveal how simply adjusting
the pH of the polyelectrolyte solutions results in dramatically different multilayer properties,

even for a single polycation/polyanion combination.

a) - b)

cOOH COOH cooH

COOH J
COOH
S

Figure 2.2: Schematics of proposed molecular architectures for the: a) 6.5/6.5, b) 3.5/7.5, and c)
2.0/2.0 PAA/PAH multilayer thin films, depicted with PAA as the outermost layer in the assembly.
(Adapted from ref. # 2.)

Table 2.1: Comparison of important physical and chemical properties of various PAA/PAH
multilayers.
6.5/6.5 PAA/PAH 3.5/7.5 PAA/IPAH 2.0/2.0 PAA/PAH

Layer thickness (A) <5 ~ 50-80 ~25
RMS roughness {A) <10 ~20-50 ~50
Relative composition ~ 50:50 ~ 40:60 ~75:25
(PAA:PAH segments)

% ionization of acids >90 >90 <40
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Figure 2.3: Graph of the mean total film thickness vs. the number of layers deposited for the 3.5/7.5,
6.5/6.5, and 2.0/2.0 PAA/PAH muitilayers. Error bars correspond to + 1 standard deviation.

2.4 Other Polyelectrolyte Multilayer Systems

2.4.1 Introductory Remarks

Besides the weak PAA/PAH multilayer combination, there are numerous other
polyelectrolyte systems reported in the literature. This section briefly describes the important
features of some other weak and strong polyionic or hydrogen-bonded multilayers, which are
discussed later in Chapter 5 with regards to their in vitro interactions with mammalian cells. It
is worth noting here that it is possible to combine many of these different systems together to

form more complicated heterostructured films.

2.4.2 Polyacrylamide Systems

Some multilayers may be assembled completely without any electrostatic interactions
but rather with only hydrogen bonds between hydrogen bond donors and acceptors. There
have been several reports®® in the literature that discuss hydrogen bonding to construct such
multilayers, including, for example, films of PAA alternating with poly(ethylene oxide)
(PEO).’ Yet another entirely hydrogen-bonded multilayer system studied in the Rubner group

contains polyacrylamide (PAAm), a common non-ionic polymer with a repeat unit structure
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shown in Figure 2.1(f). The pendant -CONH, functional group readily hydrogen bonds with
the uncharged carboxylic acids of weak polyacids (e.g., PAA and poly(methacrylic acid)
(PMA)). PAA/PAAmM or PMA/PAAm films are necessarily fabricated at low pH conditions
(e.g., pH 3.0) where the carboxylic acid functionaliiies are relatively uncharged. Higher pH
conditions, which ionize the carboxylic acid groups, prevent the PAA from continuing to
hydrogen bond with the PAAm, and consequently, the multilayer dissolves.® The successful
fabrication, stabilization, and micropatterning of PAA/PAAm systems has been reported

recently.®

2.4.3 PMA/PAH Systems

Another common weak polyanion that has been employed in assembling multilayer
heterostructures is poly(methacrylic acid) (PMA). As seen in Figure 2.1(b), the repeat unit
structure of PMA is identical to that of PAA except for a hydrophobic methyl group rather
than just a hydrogen in each repeat unit. PMA can easily be substituted for PAA in the layer-
by-layer process and alternate with a polycation such as PAH. Similar to PAA/PAH films,
PMA/PAH multilayers assembled at neutral conditions (e.g., at pH 6.5 for both PMA and
PAH are ultrathin), whereas the multilayers are thicker and more loop-rich at, for instance, pH
conditions of 2.5 for each polyion. Much more detail regarding the fundamental aspects of the

properties of PMA/PAH films have been detailed previously."

2.4.4 SPS/PAH Systems

Rather than constructing multilayers from PAH and a weak polyanion, such as PAA or
PMA, a strong (i.e., always fully charged) polyanion may be used instead. Commonly,
poly(styrene sulfonate) (SPS), a strong polyanion with a charged sulfonate group (SO;"),
whose repeat unit structure is shown in Figure 2.1(c), has been assembled into multilayer
films by alternating with PAH, for example. When PAH is essentially fully charged at pH
values below its pK,, SPS/PAH films absorb in thin, flat train conformations, analogous to
PAA/PAH at 6.5/6.5 deposition conditions. Therefore, SPS/PAH films at, for example,
2.0/2.0 or 6.5/6.5 are both ultrathin with a layer thickness of < 5 A and RMS roughness values
of < 10 A. However, as a weak polycation, PAH, when deposited at pH conditions near and

greater than its pK, of ~ 9, is only partially ionized. At basic pH values, the SPS remains



essentially fully charged. Thus, for instance, an SPS/PAH multilayer at pH 10.0/10.0 consists
of a weakly ionized PAH depositing onto a fully charged SPS layer; at this pH of 10.0, the
next adsorbing SPS layer does not re-ionize the preceding layer of PAH chains. Thus, a
10.0/10.0 SPS/PAH multilayer is analogous in many ways to the assembly and structure of a
2.0/2.0 PAA/PAH film and possesses a loop-rich, thicker conformation than SPS/PAH films
at other fully charged deposition conditions, such as at 6.5/6.5. It should be noted that most
multilayer literature using SPS and PAH do not exploit the pH tunability of PAH to adjust
film thickness and conformation but rather add salt to control thickness by screening

charges."

2.4.5 SPS/PDAC Systems

Yet another system to consider is one formed by the assembly of two fully-charged
macromolecules. Multilayers of the fully-ionized polyanion SPS alternating with the fully-
charged polycation poly(diallyldimethylammonium chloride) (PDAC), whose repeat unit
structure is shown in Figure 2.1(e), typify such a system. Similar to films of PAA and PAH
deposited at neutral pH conditions (e.g., pH 6.5/6.5), whereby both polyions are essentially
completely ionized, SPS/PDAC films at neutral conditions are ultrathin (< 5 Mayer) and
smooth (RMS roughness < 10 A). Therefore, researchers generally add salt to the SPS and
PDAC solutions in order to generate loopier conformations and thus thicker multilayers, since
the salt screens some of the charges.'*'*> One salt-containing SPS/PDAC system is discussed
in Chapter 5; this multilayer uses 0.25 M NaCl in each of the polyelectrolyte solutions and
results in film thicknesses of ~25 A/layer and an RMS roughness of ~ 30 A or more.
Nonetheless, an advantage of weak polyelectrolytes is the ability to fine-tune the film

thickness and structure via pH adjustments alone without any extraneous salt.

2.5 Conclusion

This chapter has introduced many of the common polyelectrolyte multilayer
combinations with regards to their salient assembly features and resulting film properties,
such as their ionization characteristics, conformation, and thickness. The standard film
deposition and analytical techniques used to fabricaie and evaluate these common multilayer

systems (as well as any multilayers assembled from other polyions) were also discussed. It
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should be evident from the description of these various representative weak polyelectrolyte
multilayer systems that pH adjustment has a powerful impact in controlling thin film features
on the molecular level. By manipulating the deposition pH values, it was shown how the
internal film ionic stitching and blending as well as the surface composition may be readily
tailored to allow one to control the film thickness, wettability, and fraction of free charges
availabie for subsequent chemistry, among others. To further compare and contrast some of
the fundamental attributes of these multilayer systems before discussing them in more detail
in later chapters, Table 2.2 summarizes each case’s average layer thickness and RMS
roughness values; the data clearly reinforces the concept that shifts in pH deposition

conditions may lead to significant differences in the resulting multilayers.

Table 2.2: Comparison of the average layer thickness and RMS roughness values for some of the
various multilayer combinations to be discussed in this thesis.

Layer thickness (A) RMS roughness (A)

6.5/6.5 PAA/PAH <5 <10
3.5/7.5 PAA/PAH ~ 50-80 ~20-50
2.0/2.0 PAA/PAH ~25 ~50
6.5/6.5 SPS/IPAH <5 <10
2.0/2.0 SPS/PAH <5 <10
10.0/10.0 SPS/PAH ~20 > 200
6.5/6.5 SPS/PDAC <5 <10
6.5/6.5 SPSIPDAC
(w/ 0.25 M NaCl) ~25 ~20-50
6.5/6.5 PMA/PAH <10 <10

Each representative system addressed in this chapter was composed of the simplest
case possible—only two polymers, and each polymer was assembled at one specific pH value
throughout the film. However, the versatile layer-by-layer approach enables the construction
of much more complex structures. For instance, it is possible to fabricate heterostructured

films with the same two polyions deposited at several different pH’s (e.g., x number of layers
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of 6.5/6.5 PAA/PAH followed by y number of layers of 2.0/2.0 PAA/PAH), multiple
polyelectrolyte systems deposited at the same pH’s (e.g., w number of layers of 6.5/6.5
PAA/PAH followed by z number of layers of 6.5/6.5 SPS/PAH), or any combination thereof.

For the majority of this thesis, however, only binary heterostructures assembled at one pH for

each polymer will be discussed.
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Chapter 3:

The Development of Porosity in
Polyelectrolyte Multilayers

3.1 Introductory Remarks

As previously mentioned, multilayers are polyelectrolyte complexes formed one
molecular layer at a time, which are necessarily deposited onto a surface to advantageously
avoid the precipitation that is typical of the mixing of most oppositely charged polyions in
solution. Variables such as salt and pH, which can certainly affect the behavior of polyionic
complexes in solution,' also could surely impact the construction and subsequent performance
of multilayers on a substrate. Chapter 2 showed how varying the pH during the assembly of
weak multilayers can dramatically influence the resulting film structure and properties.
Similarly, multilayers may be affected by salt or pH conditions after the film assembly,
including, for example, the tendency of the film to desorb under conditions of high ionic
strength (e.g., via exposure to 0.6 M NaCl).? It would be expected that polyelectrolyte
multilayers could also experience phase separation phenomena similar to that of

polyelectrolyte complexes in solution.
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In an interesting discovery, PAA/PAH multilayers undergo a unique pH-induced
morphological reorganization during a spinodal decomposition®* simply with just acidic
water.” What results via this rapid, low-pH phase separation are nano- or microporous thin
films. Besides dramatic structural changes, the porous multilayers also exhibit increased
thicknesses and correspondingly lowered refractive indices relative to the original, denser
films. An immediate potential application of these porous ultrathin films would be
semipermeable membranes. Previously, several other groups have investigated the transport
properties of multilayers, such as the diffusion of gases or other small molecular weight
species within the films, and have reported on the permeability and “membrane-like” qualities
of multilayers.>** In fact, these groups have demonstrated that multilayers can be quite
permselective and thus beneficial for separation applications. This pH-driven phase
separation, however, is the first demonstration of the ability to create true microporous, or in
some cases, nanoporous multilayers. Consequently, with respect to possible biomedical
applications, this pH-induced porosity transition may be used to create porous thin film
coatings, biocompatible membranes, and controlled release and drug delivery systems.

This chapter describes this unusual phase separation behavior exhibited by certain
multilayer systems. The experimental protocols and all of the processing parameters by which
to generate, control, and characterize the resulting pore morphologies are provided. A
significant amount of data regarding the porosity transition itself and the optimization of the
porous films is presented, followed by some discussion regarding the mechanism of this

useful, porosity-creating pH-driven phase separation.

3.2 Materials and Methods

3.2.1 General Multilayer Deposition and Assembly

Nonporous multilayer films of PAA and PAH were first prepared on silicon or glass
substrates as previously detailed in section 2.2.1. The pH of the polymer solutions was
adjusted to ~3.5 and ~7.5 (or ~3.5 and ~7.75) for PAA and PAH, respectively, although other
pH combinations were also examined for their tendency to become porous. Typically, 10 to
40 layers of PAA/PAH films were fabricated, with films of 19-21 layers most commonly
studied.
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3.2.2 The Porosity Process
After the assembly of the precursor PAA/PAH 3.5/7.5 (or 3.5/7.75) multilayer, the

film was immersed for some predetermined time, typically 15 sec to 4 min, in acidic water.
While many different pH values of the water were initially examined for their effectiveness in
inducing phase separation behavior, most studies kept the pH of the water constant at an
optimal value of ~ 2.40. The temperature of the acid bath was varied from 15 to 50°C, and the
ionic strength was also adjusted by using both monovalent and divalent salt (NaCl vs. MgCl,)
of varying concentrations ranging from 0 M (i.e., no additional salt) to 1.0 M. After exposure
to the initial acidic water treatment, the films were either immediately dried with compressed
air (denoted as “no rinse” samples) or rinsed briefly for ~ 15 seconds in neutral water and then
dried (referred to as “brief rinse” samples). Occasionally, the time of the post-neutral water
rinse was performed for up to 18 hours rather than just a short 15 seconds. A flowchart
depicting the various porosity processing paths along with the numerous adjustable

parameters in each step (shown italicized) is displayed in Figure 3.1.

Layer-by-layer -
assembly of _Immersion
precursor thin film in water bath Rinse? YES
(polyelectrolyte system, |:> _ (pH, time, |:> (oH, time) Q
deposition pH ionic strength,
conditions, temperature)

number of layers, ‘ ﬂ
outermost layer) ﬂ

Figure 3.1: Flowchart depicting the various processing routes and variables used to fabricate porous
polyelectrolyte multilayer thin films. The important variables of each step are shown italicized.

3.2.3 Characterization of the Porous Multilayers

Nonporous precursor and porous multilayer thin films were analyzed with several
different surface characterization techniques, all as detailed previously in section 2.2.
Ellipsometry was used to obtain thickness and refractive index data. Some refractive index
measurements were also derived from UV-visible-NIR (near infrared)

transmission/reflectivity data on transparent polystyrene or glass substrates, as will be detailed
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in a forthcoming publication.'* AFM imaging was used for surface and morphology profiling
and roughness measurements. Image processing using Adobe® Photoshop® Version 5.0 was
performed on binarized AFM figures to obtain pore size data. Chemical bonding information
was obtained via FT-IR spectroscopy. As described previously,’ dielectric measurements were
performed by assembling PAA/PAH multilayers onto patterned indium tin oxide (ITO)-
coated glass substrates and subsequently making the films porous. An aluminum electrode

was then thermally evaporated on the film surface prior to taking measurements.

3.2.4 Thermal Crosslinking

In certain cases, PAA/PAH multilayers were additionally thermally crosslinked at
temperatures > 200 °C for several hours. This annealing causes an amidization reaction to
occur between the carboxylic acids of PAA and the amines of PAH to form stable nylon-like
crosslinks within the multilayers.'*'* The thermal crosslinking was performed on both

nonporous and porous PAA/PAH thin films.

3.3 Results and Discussion

3.3.1 Generali Findings

When certain multilayers, especially that assembled from PAA/PAH at pH 3.5 and
7.5, respectively (referred to hereafter as 3.5/7.5 PAA/PAH), are immersed even just briefly,
1.e., a few seconds, in acidic water, those films rapidly undergo a large-scale molecular
reorganization to result in nano- or microporous structures. Figure 3.2 reveals typical AFM
images of the dramatic transformation of an otherwise fairly dense 3.5/7.5 PAA/PAH
precursor thin film prior to (shown in a) and after (b) exposure to acidic water. Concomitant
with this drastic change in morphology is a substantial increase in the porous film’s thickness
and a corresponding decrease in the film’s refractive index (n). The thickness increase of up
to 2-3 times that of the initial film height arises from the swelling associated with the
reorganization of the multilayer during the spinodal decomposition. Similarly, the drop in
refractive index is a consequence of the film, which initially possesses an n,, of ~1.52-1.54,
becoming porous and filling with air (n,, ~ 1.0). The new refractive index of the porous fiim,
N, €xhibits a composite refractive index between that of air and of the original nonporous

film and usually has a value of ~1.2-1.4.
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As seen i Frgure 31 there are many processing parameters by which to modity this
pH-iduced phase separation and hence adjust the resulting porous film’~ properties Overall
the porosity Prmay be expressed as a tunction ot these treatment vartables such that

P=tPENL pH L0 opHE L U ERY (3.1

where PEM denotes the specilic polvelectrolvte multilayer system of the nonporous tilm,
pH,,\, 1~ the deposiion pH condiions ot that tilm. 71~ the number o lavers in the nlmo /s
the identity of polymer ot the outermost layer. pH .. is the pH of the transiion water bath. 1
i~ the ime ot exposure to the water, s the water bath temperature. Tis the wonie strength ot
the water bath. and R 15 the post-processing neutral water rinse treatment (e L the presence. il
Ay and tme ot the rnser The resulting porosity atselt may be detmed i terms o several
measurable quantities such that

P=f . morph, o on o RNMSOsze (3.2)

where o i the 0 pore volume of the transtormed pore-contaning fiim. morph L reters o
the type o porous morphology te o disarete or percolating poresi. i, iy the tinal thickness
of the porous tlme s the timal retractive indes ot the porous film. RMS 18 the root-mean

squared roughness ot the potous Bilmeand ~size s the mean pore size Since these
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measurable features of the porous multilayer depend on the many tunable processing
parameters in the porosity transition, it is therefore clear that:
P = f(PEM, pHpgws 1, louer PHuaers & T5 I R) = F(%poer MOTPHpores Apores Mpores RMS, siz€0) (3.3)

From equation 3.3, there is obviously a great deal of parameter space by which to
modify and optimize the final structure and properties of the porous multilayer. Each of these
processing variables will be now addressed with regard to how varying them affects the
resulting porous thin film’s properties with respect to morphology, thickness, and refractive

index.

3.3.2 The pH Parameter

The pH of the transition water bath is perhaps the most critical parameter in
determining whether or not a nonporous PAA/PAH thin film will be able to undergo this pH-
induced porosity development. A nonporous 3.5/7.5 PAA/PAH multilayer is quite stable even
for several years under ambient conditions, moderate heat, and extended exposure to water
over a wide range of pH conditions. However, when an otherwise dense multilayer is
immersed in a more acidic water environment, the film undergoes significant physical and
chemical changes, which are manifestations of an unusual pH-driven phase separation that
leads to porosity. Specifically, this dramatic morphological transition commences at about pH
~ 2.5, at which point a multilayer almost instantaneously experiences a substantial swelling of
2-3 times and a corresponding refractive index decrease. As seen in Figure 3.3, there is only a
very narrow pH range by which to effect this porosity transformation; over only ~1/10 of a
pH unit (from pH 2.55 to pH 2.45), acid-exposed multilayers quite abruptly go from little
discernable changes in their properties to a substantial morphological transformation with a
highly porous structure. Figure 3.3 plots the % pore volume, defined in the simplest terms as:

% pore volume = (R — Hinie)/ Fpore X 100% 34

where h,; is the initial nonporous film thickness, and k. is the porous film thickness as
mentioned previously. Assuming a conservation of mass during the phase separation, equation
3.4 provides a rough estimation of the fraction of pores in the multilayer, simply based on
thickness (i.e., volume) changes alone. For example, a multilayer whose thickness doubles
upon becoming porous will have a pore volume equal to 50% and a pore volume equal to 67%

if the original thickness triples, and so forth. If assembled onto a reflective substrate such as
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silicon, multilayers exposed to the transition acidic water experience a substantial change in
their interference color, indicating a significant thickness increase. Overall, the optimal pH
condition of the acidic water (i.e., the one that leads to the greatest thickness increase and
refractive index decrease) is ~ 2.40, with pH values > 2.6 having minimal effect, and pH
conditions < about 1.75 entirely removing the multilayer from the substrate. In fact, as will be
discussed in section 3.4, the ability to dissolve polyelectrolyte multilayers from a substrate,
particularly in a regioselected fashion, will be shown to be a quite useful and unique approach

to processing and patterning materials.

60 -

Pore volume (%)

Figure 3.3: Graph of the % pore volume vs. pH curve for the 3.5/7.5 PAA/PAH system. The % pore
volume is as defined in the text and is based on ellipsometry thickness measurements. As the pH of the
water is lowered, the % pore volume, which effectively equals zero for the more dense, initial film
abruptly changes to nearly 60% at a pH of ~ 2.40. However, pH conditions < 1.75 entirely remove the
multilayer from the substrate.

3.3.3 Multilayer System

Certain polyelectrolyte multilayers tend to be highly favorable precursor candidates
for undergoing phase transformations that develop porosity. Many PAA/PAH combinations
exhibit the ability to phase separate and become porous, although an optimal system appears
to be the 3.5/7.5 PAA/PAH combination. As will be discussed in section 3.3.8, the ability to
break the ionic bonds between the oppositely charged PAA and PAH chains and then reform
those bonds in presumably more favorable conformations is an integral element of this pH-
induced spinodal decomposition. Due to their weak polyelectrolyte nature, PAA/PAH

multilayers can easily have their charge densities modified after the film assembly. If the film
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is already energetically unstable, then having its internal ionic stitching diminish could
consequently enable bond reorganization and phase separation to ensue. Common processing
variables of pH and/or salt could be utilized to accomplish such a reduction in the effective
ionic crossiink density within an electrostatically-assembled mulitilayer.

Surveying the PAA/PAH system has revealed that nonporous multilayers deposited at
pH conditions of 3.5/7.5, respectively, and at an even further optimized variation, that of
PAA/PAH 3.5/7.75, tend to yield some of the most substantial changes upon exposure to the
acid transformation bath. Compared to many other PAA/PAH systems, the porous films,
initially adsorbed at 3.5/7.5 or 3.5/7.75, present substantial thickness increases, large
refractive index decreases, and the most pronounced porous morphologies. For consistency,
all of the porosity studies presented hereafter concern the 3.5/7.75 PAA/PAH assembly,
although other PAA/PAH systems may be more useful or better candidates for achieving, for
example, highly specific refractive indices or other desirable porous features.

In addition, it is hypothesized that other multilayer combinations may similarly
undergo pH-induced porosity phase separations. In principle, the spinodal decomposition and
ensuing porosity development should not be limited just to weak PAA/PAH systems, and thus
there is likely some universality to this phenomenon in polyelectrolyte multilayer thin films in
general. For instance, preliminary evidence reveals the emergence of porous structures when
multilayers assembled at pH 3.5/7.5 conditions, respectively, from PAA and the polycation
PDAC are exposed to pH ~ 2.4 water." This example simply involves substituting the strong
polycation PDAC for the weak PAH, but completely different polyelectrolyte systems should
also potentially be able to experience porosity transformations. However, the critical
transition pH would likely occur not at pH ~ 2.4, for example, but at another specific pH that
is dependent on the pK, values of the constituent polymers of the multilayer.

As it will be presented in section 3.3.8, approximately half of the ionic bonds
physically crosslinking any PAA/PAH multilayers (i.e., the 3.5/7.5 as well as other pH
combinations) are cleaved at pH ~ 2.4. In fact, FT-IR analysis reveals that the pK, (the pH at
which the molecule is half charged) of PAA within these films is not at pH ~ 5, as in solution,
but rather at about pH 2.4-2.5, the same pH where the phase separation occurs. By analogy, it
is believed that as long as some critical number, e.g., ﬁalf, of the ionic bonds within a

multilayer are broken in order to enable the subsequent bond reorganization necessary for the
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porosity process, then many different multilayer systems could be assembled and then
“deconstructed” or rearranged in a pH-induced phase separation. As wili be discussed in
section 3.3.8, these other multilayers should first be constructed in a unique, rather unstable
conformation, like the 3.5/7.5 PAA/PAH system, in order to phase separate. Thus, depending
on the pK, values of the constituent polyelectrolytes in any given multilayer system, a similar
spinodal decomposition could potentially occur at other pH values, whether at acidic pH’s, as
in case of the PAA/PAH combination, or at neutral or basic pH conditions. Furthermore, as it
will be shown later in this chapter, the manipulation of ionic strength and/or the inclusion of
surfactants to the pH transformation bath could shift that critical transition pH to other values.
Again, for the purposes of this thesis, the porosity will only be discussed for the PAA/PAH
multilayer system and for the 3.5/7.75 PAA/PAH combination, in particular.

3.3.4 Layer Number and the identity of the Outermost Layer
Most porosity studies were performed with precursor PAA/PAH 3.5/7.75 samples

having about 20 layers. For consistency and to control the total number of variables, the
number of layers in the nonporous film was fixed at 19 or 21. These 19 or 21-layer films,
which end with the polycation PAH as the outermost layer, would be used for subsequent
studies in which the time, temperature, and/or rinsing parameters in the porosity process were
varied. It should be noted that all films of 10-30 layers in thickness exhibit a similar pore
volume vs. pH curve as in Figure 3.3, with the greatest porosity occurring around pH 2.4.
However, there is some apparent pore size dependence on the thickness and thus the number
of layers in a precursor film; thinner films (< 10 layers, for instance) yield smaller pores
compared to thicker multilayers. The effect of the number of precursor layers (i.e., the initial
film thickness) and the influence of the identity of the outermost layer (i.e., PAA vs. PAH) on

the resulting porosity are variables certainly worth further investigation.

3.3.5 Time, Temperature, and Rinsing Parameters

The entire pH-induced phase separation and the emergence of a porous structure in the
multilayers occur quite rapidly on the timescale of seconds to minutes. To further explore the
impact of the variables of time and temperature on the evolution of the porous film properties,

identical nonporous precursor multilayers (of 21 layers) were fabricated and subsequently
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exposed to the acidic water at a constant, optimal pH of ~ 2.4 for four different times (15 sec,
1 min, 2 min, and 4 min) and at five different temperatures (15, 20, 30, 40, and 50°C). In
addition, the post-acid bath neutral water rinse was performed for 0 sec (i.e., denoted as “no
rinse”), 15 sec (“brief rinse”), or as long as several hours to overnight (“long rinse”).

Figures 3.4 and 3.5 present representative AFM top-view images of the evolution of
the multilayer porosity as a function of time and temperature for both non-rinsed and briefly
rinsed samples, respectively. A minimum of three samples for every condition in each
time/temperature/porosity array was imaged, and in all cases, similarly-treated samples
resembled one another, confirming the reproducibility of this process. Several trends are
evident from these porosity arrays in Figures 3.4 and 3.5, including notably: 1) that there tend
to be two porous morphological extremes—a) a rough-textured, highly-interconnected,
percolating microporous network and b) a surface with discrete rounded pores; 2) the pore
size in general increases with longer times and higher temperatures; 3) rinsed samples
typically resemble non-rinsed samples only at longer times and higher temperatures but not at
shorter times and lower temperatures.

For better clarity and comparison purposes, Figure 3.6(a) presents a larger image of
the representative sample for the non-rinsed 15 sec/20°C condition as in Figure 3.4, whereas
Figure 3.6(b) displays a larger image of the representative sample for the non-rinsed 4
min/S0°C condition as in Figure 4; clearly, Figure 3.6(a) reveals the tortuous, highly-
interconnected microporous morphology extreme, while Figure 3.6(b) presents the discrete
rounded throughpore extreme. Figures 3.6(c) and (d) display those same morphologies in a 3-
D view to better illustrate the overall porous structure of each extreme condition, respectively.
In most cases, AFM cross-sectional analysis has revealed that the pores of the interconnected
microporous structure do not extend directly downward to the substrate, whereas the discrete
pores of Figure 3.6(b) and (d) tend to be true throughpores, reaching the substrate.
Furthermore, dielectric measurements performed on porous films sandwiched between
conductive indium tin oxide (ITO) and aluminum electrodes similarly reveal that the
microporous structure, such as one shown in Figure 3.6(a) and (c) is tortuous without a direct
path to the substrate but that the discrete morphology, typified by the one shown in Figure

3.6(b) and (d) shorts out via its true throughpores.
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conditions, except for those at shorter times and lower temperatures. To be more specific, the
most significant differences are observed at times of < 2 min and temperatures < 20°C; at
those conditions, it can be seen empirically from Figures 3.4 and 3.5 that non-rinsed samples
tend to exhibit more pronounced tortuous microporous morphologies, but rinsed films also
seem to possess some discrete pore character.

Figure 3.7 provides the simple processing paths necessary to fabricate a range of
porous thin films. In general, the end-goal of the porosity procedure would likely be to
prepare either the percolating microporous network or the discrete throughpore surface. As
discussed herein, the processing conditions needed to achieve the interconnected,
microporous network would involve immersing a precursor film into pH ~ 2.40 water at a low
temperature for a short time (e.g., 1 min, 20°C) without any subsequent neutral water rinse.
To obtain the discrete throughpore morphology, one would expose a precursor multilayer to
pH ~ 2.40 water at a high temperature for any amount of time (e.g., 2 min, 50°C) and could
(but need not) rinse the film. In addition, as will be described in section 3.3.6, rinsing for

about an hour or longer also results in the discrete throughpore structure.

Nonporous
3.5/7.5 §
PAA/PAH
multilayer
pH of water ~ 2.4 L pH of water ~ 2.4
T<20°C T240°C
time < 1 min time = any
No rinse Rinse/ no rinse

Rinse for time 2 1 hour
in neutral water

Figure 3.7: Processing paths by which to create from nonporcus 3.5/7.5 PAA/PAH multiiayers either
interconnected microporous structures or discrete, rounded throughpore morphologies. As shown, the
discrete structure may be achieved in two ways: 1) by performing the acid treatment at elevated
temperatures, or 2) by first fabricating a microporous structure and subsequently immersing it in
neutral water for many hours.
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As seen in the images presented in Figures 3.4 and 3.5 and as quantified in Figure 3.8,
the mean pore size generally tends to increase with longer immersion times, especially in
elevated acid bath temperatures. It should be noted that the pore size distribution of these
porous multilayers is, in many cases, quite large. Furthermore, the imaging analysis used to
binarized AFM pictures to calculate pore sizes becomes quite complex due to the fact that
often it is difficult to discern between a true “pore” and simply an indentation or depression
on the surface due to the increased surface roughness. For the percolating porous morphology,
in particular, the observation that many multiple interconnected pores exist on the surface
greatly complicates the analysis. Some discussion regarding the pore size behavior and its
relationship to classical spinodal decomposition theory will be addressed further in section

3.3.8.
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Figure 3.8: Graphs of the mean pore size of the porous multilayers treated in pH ~ 2.4 water for
various times and at different temperature conditions. The porous films in graph (a) were not rinsed,
whereas the samples in graph (b) were rinsed in neutral water briefly (~ 15 sec) following the acid
exposure. For clarity, error bars, corresponding to + | standard deviation, are not shown, due to the
large pore size distribution.

Besides the obvious changes in morphology exhibited by an initially nonporous
multilayer upon exposure to the transition acidic water, there are substantial changes in the
refractive index and film thickness. As expected, the nonporous film’s initial refractive index,
N, having a value of ~1.52-1.54, decreases as the multilayer fill with air (n,~1.0), such that
the porous film exhibits a new composite refractive index with a value between that of air and

of the nonporous multilayer. Additionally, the porous film thickness, A, is usually 1.5 times
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or more that of the initial nonporous multilayer. For instance, upon exposure to pH ~ 2.40
water for 1 min at 20°C without any brief rinse, a 21-layer 3.5/7.75 PAA/PAH precursor with
an initial thickness and refractive index of ~1000 A and ~1.53, respectively, will swell to a
new thickness of ~1500 A on average and exhibit an associated Ny Of ~1.3. Similarly, the
RMS roughness of the porous multilayer is now ~325 A, which increased from its nonporous
value of < 100 A. However, if the same 3.5/7.75 PAA/PAH multilayer were subject to the
same porosity treatment but simply briefly rinsed in neutral water as well, then the film
increases to over 2000 A in thickness, the N, drops to ~1.2, and the RMS roughness
increases to ~170 A. Thus, different times, temperatures, and rinse conditions may lead to
significant changes in these porous multilayer properties.

Figures 3.9-3.11 quantify how the final porous film’s thickness, refractive index, and
RMS roughness, respectively, vary depending on the chosen processing conditions for the
immersion time, the temperature of the acidic water, and the post-acid rinse step. To
normalize for any variances in the initial multilayer thickness, the increase in the porous film
height was expressed simply as an expansion or swelling factor, which may be thought of as
the porous film thickness relative to the initial nonporous film height. Thus:

Expansion factor = h. / A3.5)

where h,,. is the porous film thickness and h,,, is the initial nonporous film thickness, as
defined previously. Very simply, for example, a multilayer that doubles in thickness upon
becoming porous will have an expansion factor of 2, and so forth. According to Figure 3.9, all
porous films increase in thickness due to the porosity transformation, but there is some
difference with respect to the post acid neutral water rinsing step. Multilayers briefly rinsed in
neutral water tend to swell in a range of ~1.5 to ~2.5 times their initial height on average
compared to only ~1.2 to ~2 times for non-rinsed films. These results were observed for all
cases regardless of the temperature of the pH ~ 2.4 water bath. To be explained in section
3.3.8, the neutral water rinsing condition serves to recharge many of the temporarily-cleaved
ionic bonds within the multilayer and thus further facilitates large-scale intermolecular bond
reorganization. The non-rinsed acid-exposed films are simply in a transient state with many
bonds still not re-paired, and the overall film mass has not fully rearranged to a more

favorable state.
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Figure 3.9: Graphs of the expansion factor or thickness increase for porous films that were a) not
rinsed or b) rinsed in neutral water briefly (~ 15 sec) following the acid exposure at a variety of times
and temperature conditions. Error bars correspond to + 1 standard deviation. The expansion factor at
the time of O min (i.e., no treatment, and therefore, no expansion) is simply equal to 1.

In general, both rinsed and non-rinsed films swell more with longer exposure times in
the acidic water, but the greatest thickness increase is usually observed in the first minute and
in the first 15 seconds, in particular. In addition, films processed at warmer acidic
transformation conditions, especially at 30°C and at 40°C (but only for the non-rinsed case),
tend to expand more than those treated at relatively cooler conditions (15°C and 20°C).
Compared to the porosity processing at 15°C and 20°C, the treatment at the higher
temperature of 30°C (and also at 40°C for the non-rinsed situation) should lead to more chain
mobility and an associated higher degree of swelling; as described in section 3.3.8, this
greater chain mobility enables the film to undergo a more substantial intermolecular bond
reorganization. Interestingly, multilayers immersed in acid at 50°C do not exhibit the greatest
thickness increases, but rather these 50°C-conditioned films experience the least expansion of
any system tested. As will be discussed in section 3.3.6, the discrete throughpore morphology
observed in the 50°C films, in particular, resembles similar porous structures seen when any
acid-exposed multilayers are rinsed in neutral water for several hours. Moreover, those
extended-rinsed films have redensified somewhat as suggested by their reduced thickness
values. By analogy, as it will be shown, rapid processing at this elevated acid temperature is
similar to longer immersion times in water at room temperatures.

Overall, however, it is difficult to identify, for certain, truly meaningful trends in this

swelling data, given the often large error bars (equal to + 1 standard deviation) in the
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thickness measurements; since the porous films have high surface areas and thus high
roughness values, their thickness measurements, from which the expansion factors are then
derived, can be misleading. In addition, these thickness measurements were obtained from
ellipsometry, which could easily scatter light on the rough-textured porous films.
Profilometry, even when performed with minimal applied force, tends to compress the air-
filled porous films and therefore underestimates the thickness. UV-visible spectroscopy,
which has been used recently to gather transmission and reflectance data on nanoporous
multilayers,'* may prove to be a useful alternative way to confirm the thickness and refractive
index of these porous films instead of relying solely on ellipsometry or profilometry
measurements.

Figures 3.10(a) and (b) present the refractive index data of the non-rinsed and rinsed
porous films, respectively. Again, since ellipsometry was used to obtain the refractive index
values, the accuracy of the measurements is not necessarily completely valid due to the
probable scattering of the light by the pores. Nonetheless, some general trends are evident
from the graphs. As seen for both non-rinsed and rinsed multilayers, the porous refractive
index, n,,., drops considerably from the initial dense film’s refractive index, ng,, of
~1.52-1.54 to values as low as ~1.2 within just a short time, i.e., about one minute, of
exposure time to the acidic water. Comparing the rinsed versus non-rinsed case, the rinsed
samples exhibit overall lower n,,, values as a whole than non-rinsed multilayers, meaning
that the rinsed porous films are less dense and filled with more air/pore volume; this finding
agrees well with Figure 3.9(b), which shows that rinsed multilayers generally have expanded
in thickness more than their non-rinsed counterparts. Whereas the rinsed samples all share
relatively similar n,, values independent of the processing temperature, the non-rinsed
multilayers show differences in the n,,. data with respect to the processing temperature. In
fact, the relative ranking of the n,,. values for the porous samples conditioned at different
temperatures follows the same order as that of the degree of film swelling presented in Figure
3.9(b). For instance, the 30 and 40°C non-rinsed samples, which showed the greatest swelling,
correspondingly exhibit the lowest n,,. values, the 15 and 20°C films have intermediate

values of both the expansion factor and n ., and the 50°C-treated samples have the least

pore?*

swelling and, similarly, the least decrease in M-
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Figure 3.10: Graphs of the porous refractive index, n,q., for films that were a) not rinsed or b) rinsed
in neutral water briefly (~ 15 sec) following the acid exposure at a variety of times and temperature
conditions. Error bars correspond to + 1 standard deviation. The n,,, at the time of O min (i.e., no
treatment) is equal to initial mean nonporous refractive index of ~ 1.53.

Figures 3.11(a) and (b) show the RMS roughness data of the non-rinsed and rinsed
porous films, respectively. It is evident from both RMS roughness plots that the porous films
exhibit substantially rougher surfaces than their nonporous counterparts (having RMS
roughness values of < 100 A), which is expected due to the much higher amount of surface
area that arises from the porosity. Although usually less thick overall than the rinsed samples,
the non-rinsed films generally are rougher (~350-450 A on average) versus the rinsed films
that are ~100-300 A rough on average. Also, there is some indication that the porous RMS
roughness of rinsed multilayers may increase with eievated temperatures. In this case, the
50°C-processed samples have the most pronounced depth changes and therefore the highest
roughness due to their large discrete throughpores. However, since there are often large
variances in the roughness values, which are manifested by the large error bars (representing
+ 1 standard deviation), it is again difficult to identify a significant overall trend in the RMS
roughness data as a function of the processing time, temperature, or rinsing condition. While
the exact values for all of these porous films’ properties may be difficult to obtain with high
confidence, it is evident that porous films overall exhibit substantially higher thicknesses,
associated significantly lowered refractive indices, and much rougher surfaces compared to

nonporous multilayers.
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Figure 3.11: Graphs of the AFM-derived RMS roughness values for films that were a) not rinsed or b)
rinsed in neutral water briefly (~ 15 sec) following the acid exposure at a variety of times and
temperature conditions. Error bars correspond to + 1 standard deviation.

3.3.6 Extended Immersions in Neutral Water

As indicated previously, the time of the post-acid bath neutral water rinse could be
increased to several hours rather than just a brief 15 seconds. This longer treatment in neutral
water (performed at room temperature) enables a secondary rearrangement to occur that tends
to re-densify the porous multilayer. Although the film does remain porous, its refractive index
and thickness return to near its original values of ~1.5 and ~1000 A, respectively, thus
confirming a densification effect. The morphology also resembles the discrete, rounded
throughpore structure typical of multilayers processed in acid at higher temperatures, such as
in Figure 3.6(b) and (d). Figure 3.12 shows the structure of a film, initially made porous with
the standard pH 2.4 water treatment, after immersion in neutral water for over ten hours. In
fact, for any initial porosity treatment, i.e., regardless of the porosity time, temperature, or
rinsing conditions, all porous films that are exposed to neutral water for at least one hour
develop a throughpore morphology, typified by Figure 3.12, with a corresponding decrease in
thickness and increase in refractive index. Even films treated in acid at higher temperatures
and thus already exhibiting discrete throughpores can still return to a higher refractive index
and lower thickness after the longer neutral water conditioning. Therefore, the original non-
porous 3.5/7.75 multilayer can ultimately reach the discrete throughpore structure via two
very different treatment paths, as previously depicted in Figure 3.7: 1) rapidly, upon contact

with acidic solutions at elevated temperatures (e.g., 40-50°C) for only a few seconds to
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minutes, or 2) slowly, by being briefly exposed to the acidic solution for any time,

temperature, and rinse condition and then immersed in neutral water for several hours.

Figure 3.12: A representative 5 x 5 um? tapping-mode AFM top-view image of a typical porous
multilayer conditioned for several hours in neutral water after the initial acid treatment. Regardless of
the time, temperature, or rinsing conditions in the initial acid treatment, long immersions in neutral
water result in discrete throughpore morphologies similar to that shown above. ( smmmm® - ] m)

The observation that a multilayer may reach the discrete, rounded throughpore
morphology via two very different processing paths suggests how the throughpore structure is
energetically favorable. Microporous films, typified by Figure 3.6(a) and (c), retain the
integrity of their unique percolating structure for several years under ambient conditions in
air. However, exposure to neutral water for even one hour or less induces a secondary
morphological reorganization leading to the throughpore structure. This secondary
rearrangement in neutral water alone further conveys how the initial microporous film is
indeed unstable energetically. Immersion in the water provides, over time, the additional
mobility needed for the polymer chains of the porous film to sample more favorable
conformations and thus reorganize into the discrete throughpore structure. This rearrangement
is accomplished with much faster kinetics by initially treating a nonporous multilayer with
warmer porosity-inducing acidic water (e.g., at 40-50°C); the elevated temperature of the
acidic water bath similarly provides substantial mobility for the polymer molecules to much
more quickly arrive at the discrete morphology. Therefore, it appears that if given enough
energy for large-scale mobility—whether via long times at lower temperatures or much faster
times at higher temperatures—microporous multilayers all tend to be driven toward creating

these discrete throughpore-containing thin films.
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3.3.7 lonic Strength

Another processing parameter investigated was the ionic strength of the transition acid
bath. The effect of salt during the assembly of polyelectrolyte multilayers has previously been
studied, particularly when fabricating films from strong polyelectrolytes.'® As expected,
extraneous salt ions can effectively screen charges in the films. Since the acidic water
protonates many of the carboxylate ions of PAA and consequently cleaves many of the
electrostatic bonds within the multilayer to ultimately lead to the phase-separated porous film,
it was hypothesized that salt could also potentially result in porosity by screening the ionic
bonds between PAA and PAH. At neutral pH’s, however, no concentration of salt ions was
found to be able to disrupt the electrostatic crosslinks in the PAA/PAH multilayer to induce
gross phase separation. Moreover, salt concentrations of ~ 3.0 M would entirely strip the film
from the substrate, and even lower concentrations have been reported to remove multilayers.’

If, however, slightly more acidic water—instead of neutral water—were coupled with
additional salt, then some porosity would indeed cccur. Specifically, when water at a pH of ~
3.2-3.5 at ~ 20°C had an ionic strength, I, of either 1.0 M (when using NaCl) or 0.75 M
(using MgCl,), the treated samples exhibited substantial film swelling and a refractive index
decrease, indicative of the development of porosity. In fact, as demonstrated in Figure 3.13,
the addition of either monovalent NaCl or divalent MgCl,to moderately acidic water actually
shifts the pore volume vs. pH curve of Figure 3.3 towards a higher pH by approximately 1 pH
unit. Thus, rather than at pH of ~ 2.2-2.5, porosity occurs at a pH of ~ 3.2-3.5. Moreover, the
dissolution of the film from the substrate, which normally occurs at a pH < about 1.7,
similarly shifts to a higher pH. Specifically, the addition of salt with an ionic strength of 1.0
M (for NaCl) or 0.75 M (for MgCl,) to acid at a pH < ~ 2.7 would remove the multilayer.

In a related study, the ionic strength of the standard acidic water bath of pH ~ 2.4 was
varied by the addition of NaCl or MgCl,. However, there was only a small range of
extraneous salt concentrations that could be included to the normal acidic transition bath.
Tonic strength values of ~ 0.15 M for either NaCl or MgCl, at pH ~ 2.4 were near the upper
limit of salt concentrations; values higher than that would completely remove the film from
the substrate. Interestingly, regardless of the time or temperature variables, the coupling of
salt with the pH ~ 2.4 water would lead to much smaller-sized nanopores (< 100 nm),

compared to the readily-obtainable larger-sized micropores (of ~ 100—400 nm), which would
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normally result from the acid exposure alone without any extra salt. Figure 3.14 presents
AFM imaging of a representative nanoporous multilayer, which was treated at room
temperature for 4 minutes in pH ~ 2.4 water containing MgCl, with an ionic strength of 0.1
M. To remove any residual salt from the film, this sample in Figure 3.14, along with all other
salt-treated multiléycrs, were briefly rinsed in neutral water afterwards. A thorough analysis
of these nanoporous multilayers, especially with respect to their formation via salt as well as

their resultant unique optical properties (i.e., very low refractive indices) is currently
underway."*
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Figure 3.13: Graph of the % pore volume vs. pH curve for the 3.5/7.5 PAA/PAH system treated in
acidic water of various ionic strengths. The “no salt” curve refers to the same data as previously
plotted in Figure 3.3. The addition of NaCl (with an I = 1.0 M) or MgCl, (with an I = 0.75 M)
effectively shifts the “no salt” curve up by about 1 pH unit.

Figure 3.14: A representative 2 x 2 um® tapping-mode AFM top-view image of a nanoporous
multilayer conditioned for 4 min in ~ 20°C, pH ~ 2.4 water having an ionic strength of 0.1 M (using
MgCl,). The film was rinsed in neutral water afterwards. ( = 250 nm)
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3.3.8 Mechanism of Porosity Formation in Polyelectrolyte Multilayers

Now that much of the morphological, thickness, and optical data regarding the
porosity effect has been presented, it is necessary to further discuss the mechanism of this pH-
induced phase separation. Considering just the optimal precursor system for generating
porous thin films, PAA/PAH 3.5/7.5 (or 3.5/7.75) multilayers have a highly interpenetrated,
loop-rich structure with a high degree of ionic intermolecular crosslinks (COO™---NH;")
randomly stitching the film together. Central to the large-scale phase separation and molecular
rearrangement is a bond breaking and bond reformation mechanism of these electrostatic
crosslinks. As presented in Figure 3.15, FT-IR chemical spectroscopy has proven to be quite
helpful in elucidating these bonding changes, particularly via measuring the state of ionization
of the carboxylic acid functionality of PAA. FT-IR reveals that approximately 80-90% of the
carboxylic acids of the PAA molecules are indeed ionized to their carboxylate ion form of
COO" (which has a peak absorbance at ~1540 cm™). After exposure to the pH ~ 2.4 water,
however, a significant number of those carboxylate ions become protonated to their unbound
acid form (COOH, having a peak absorbance at ~1710 cm™) in the acidic environment, and
consequently only about half of the groups remain charged. This cleaving of some of these
physical electrostatic crosslinks temporarily frees the structure to enable more chain mobility
and the sampling of more energetically favorable conformations and ionic stitching. The
subsequent neutral water rinse, if performed, then recharges ~ 80% of the protonated groups
back to the ionic form. The thickness increases discussed earlier in section 3.3.5 are a
consequence of the once tightly-stitched multilayer swelling as the structure becomes more
free and mobile.

Figure 3.16 displays further FT-IR-derived data revealing the absorbance ratio of the
unbound COOH to COO™ groups for many different systems, including the 3.5/7.5, 6.5/6.5,
3.5/8.5, 4.5/7.5, and 5.0/5.0 PAA/PAH combinations. It is evident from the plot that there is
an abrupt transition in the COOH/COO™ ratio of all of these various multilayers around pH ~
2-2.5, which coincides nicely with the sharp transition signifying the onset of the porosity in
the pore volume vs. pH curve of Figure 3.3. FT-IR analysis also suggests that PAA’s pK,. the
pH at which the polymer is half-ionized (i.e., when the COOH/COQ" ratio of Figure 3.15
equals 1), has shifted substantially from its value in aqueous solution of pH ~ 5 to a much

lower value of about pH 2-2.5. Such lowering of the effective pK, values of PAA and other
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polyelectrolytes within multilayers has previously been reported.'”'® Therefore, by exposing a
PAA/PAH multilayer to acidic conditions sufficient enough to break about half of the ionic

crosslinks, the pH-induced porosity transformation can occur.
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Figure 3.15: FT-IR spectra of the nonporous 3.5/7.5 PAA/PAH multilayer, the porous multilayer after
exposure to pH ~ 2.40 acidic water, and the porous multilayer after being briefly rinsed in neutral
water.
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Figure 3.16: Graph of the FT-IR-derived COOH/COO™ absorbance ratic for the 3.5/7.5, 6.5/6.5.
3.5/8.5. 4.5/7.5. and 5.0/5.0 PAA/PAH combinations. The COOH and COO™ peaks, as indicated in
Figure 3.15, are at ~1710 cm™ and ~1540 cm™, respectively.

In this unusual phase separation, the two polyelectrolytes undergo a spinodal

decomposition from the nonsolvent acidic water. Phase separation via a spinodal
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decomposition process’ has recently been used to explain the common immersion
precipitation process employed to create porous membranes.'”? Similarly, the PAA/PAH
multilayer, if thermodynamically unstable, could be driven to undergo such a spinodal
decomposition process. It has been proposed previousiy that the 3.5/7.5 PAA/PAH multilayer,
in particular, is assembled in a rather unstable and unfavorable ionic conformation and could
therefore phase separate in order to achieve more preferable arrangements.® In particular, the
resulting percolating microporous morphologies, such as that exemplified by Figure 3.6(a)
and (c), are consistent with the phase separated structures (here, a porous phase and a
nonporous polymer phase} observed in classical spinodal decomposition theory.**?' The
evolution from the percolating, interconnected porosity to the more discrete, circular porous
structure with ionger acid-immersion times and elevated temperatures also follows the
coarsening phenomena demonstrated in such spinodal demixing processes.>***?' Moreover,
the increase in pore size under conditions of enhanced polymer mobility—longer acid-
immersion times and elevated temperatures—similarly coincides with the observed domain
coarsening typical in phase transitions involving spinodal decomposition.**** Interestingly,
studies performed on crosslinked polyelectrolyte gels have revealed significant swelling
(volume) changes associated with spinodal decomposition phase transitions in those materials,
often induced by pH or other solvent conditions; the pH-driven spinodal decomposition
observed in multilayers is perhaps, then, a phenomenon related to some previous findings in
polymer gel theory.”*

The complexation of two oppositely charged polyelectrolytes is a highly favorabie
process, especially when the positive and negative charges can ion-pair in coordinated
stitching conformations. In fact, there are numerous examples from the polyelectrolyte
complex literature discussing the observation that the mixing of two oppositely charged
polymers in solution usually leads to highly cooperatively (1:1) ionic bonding, which is often
manifested by the complex precipitating.***® Furthermore, some reports have stated that
polyelectrolyte complexes can fit into one of two general categories according to their overall
molecular organization—the *“ladder-like™ and the “scrambled salt” arrangements.*®*’ As the
name implies, the “ladder-like” organization consists of highly coordinated ionic pairing
between oppositely charged polymer chains, while the more complex *scrambled salt”

architecture involves random ionic stitching between opposite charges on many different

74



chains. A schematic of these two intermolecular architecture extremes is depicted in Figure
3.17.

Figure 3.17: Schematic of the two main classes of accepted architectures to describe the
intermolecular chain organizations of polyelectrolyte complexes. The image in (a) depicts a “ladder
conformation,” while (b) portrays a more complex “scrambled salt” arrangement. (Adapted from ref. #
27.) The black and gray circles represent either positive or negative charges.

To reiterate what was presented in Chapter 2 regardidg its unique assembly, the
3.5/7.5 (or 3.5/7.75) PAA/PAH multilayer is constructed from weakly ionized PAA molecules
depositing onto a highly charged PAH surface, only to be re-ionized in the next immersion in
the PAH solution. This act of adsorbing as a slightly charged polymeyr und then being
recharged creates the thick and loop-rich (albeit still highly-internally ionized) structure of the
3.5/7.5 multilayer. Presumably, this unusual assembly process causes the 3.5/7.5 PAA/PAH
film to exhibit ionic bonding across many different chains in a rather intermingled,
convoluted arrangement, not one of close cooperatively stitched segments. Therefore, the
3.5/7.5 PAA/PAH multilayer would be expected to adopt more of a “scrambled salt”
architecture.

If an appropriate path is provided, the 3.5/7.5 multilayer system could potentially
reorganize from its apparently frustrated and unstable “scrambled salt” structure into more
energetically preferred conformations, such as one where the chain segments are highly
coordinated in, for instance, more “ladder-like” arrangements. Therefore, breaking a
significant number. e.g., half, of the film’s electrostatic crosslinks in the acidic water enables
large-scale chain mobility and the opportumty to reach such architectures. The acid treatment
performed at elevated temperatures provides faster kinetics and mobility necessary to

rearrange. Upon reorganizing and re-pairing its charges into these more favorable,



coordinatedly-stitched conformations, the multilayer complex, which displays fewer charges
and more hydrophobic hydrocarbon backbones, is now less soluble in the acidic water; what
subsequently results is a polyelectrolyte complex that undergoes a spinodal decomposition
from the acidic water nonsolvent. The additional act of briefly rinsing an acid-exposed film in
neutral water further facilitates the re-ionization of many protonated carboxylic acid groups,
thus driving the multilayer to become an even less water-soluble complex. Therefore, these
rinsed multilayers undergo a more intense porosity development compared to non-rinsed
films, which is consistent with the evidence in section 3.3.5 regarding the thickness increase
and refractive index decrease data. Ideally, the transformed 3.5/7.5 PAA/PAH multilayer
develops polymeric regions that contain jonically-coordinated chain segments interdispersed
among pores, which would have been filled with the water (or air upon drying). In fact, it
could be assumed that these richly ionically-coordinated regions of the porous multilayers
tend to resemble the stitching demonstrated by the supposedly more energetically favorable,
cooperatively paired segments, such as 6.5/6.5 PAA/PAH combination.

The immersion in neutral water for longer than just a rapid 15 second rinse serves to
further reorganize the already porous multilayer. During the initial spinodal demixing process,
a significant amount of surface area (with high interfacial energy) is generated due to the
creation of the numerous pores. In general, as was seen in Figures 3.4 and 3.5, coarsening
proceeds on the porous multilayers, causing the pore size to increase. However, given further
time and polymer mobility, such as being conditioned for many hours in neutral water, a
secondary reorganization occurs as discussed in section 3.3.6. Over time, the system will try
to minimize this additional high energy surface area by continuing to rearrange itself.'” The
porosity studies conducted with brief rinses really only capture a transient state, which will
ultimately prefer to reduce that surface area while still being porous. The redensification of
the long rinsed samples, which is manifested by the film’s thickness reverting back to near its
original nonporous height and its pores slightly narrowing in size (down to about ~ 100 nm or
less),’ is a consequence of this reduction in the surface area. These films also exhibit overall
smoother surfaces in the film regions between the pores, thereby further reducing the high
surface tension of the film/pore interface.

Interestingly, if the nonporous 3.5/7.75 PAA/PAH precursor film were thermally

crosslinked in an amidization reaction, as shown in equation 3.6, which transforms the ionic
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bonds within a multilayer into more stable, nylon-like amide bonds,'"” then the multilayer
cannot phase separate at all upon exposure to the acidic water. Essentially, the multilayer is
“locked into place,” with a covalently-bonded structure rather than an electrostatically-
assembled one. The mobility needed for the polyelectrolyte chains to reorganize is also
greatly reduced. Likewise, such amidization reactions may serve the useful purpose of
strengthening and stabilizing an already porous multilayer of any morphology; a porous film
with the percolating microporous structure such as that of Figure 3.6(a) and (c) or one that
exhibits the discrete throughpore structure represented by Figure 3.6(b) and (d) may all easily
be crosslinked. Furthermore, as expected, amidization prevents the percolating non-rinsed
porous film such as that of Figure 3.6(a) and (c), or any other films for that matter, to undergo

any secondary reorganization with long immersions in neutral water.

O H (3.6)

-fTv' -1'\"-
COO™ ---NH;' mz—C-——N

amide bond

As indicated in section 3.3.3, the 3.5/7.5 (or 3.5/7.75) PAA/PAH multilayer appears to
be an optimal precursor for creating microporous thin films. Other PAA/PAH combinations
structurally similar around the 3.5/7.5 system (e.g., the 4.5/7.5 combination) similarly exhibit
pH-induced phase separation and porosity transformations in acidic water. Since most of the
PAA/PAH matrix consists of thicker, loop-rich films rather than thin, flat multilayers, many
other various PAA/PAH combinations (e.g., the 3.5/5.5) also show some tendency to phase
separate and become porous. In addition, certain aspects of the porous film, such as the
refractive index, may even reach lower values using other loop-rich PAA/PAH systems, for
example. Possibly because the 3.5/7.5 syst=m is one of the thickest and most loop-rich films
assembled, and could supposedly resemble the intermingled “scrambled salt” conformation
more so than other systems, it undergoes some of the richest morphological porosity changes.
Again, as discussed in section 3.3.3, there are potentially many other non-PAA/PAH
multilaver systems that may be assembled via appropriate pH deposition conditions in
randomly ionically stitched architectures, which may experience porosity development.

Furthermore, by manipulating simple processing variables, such as the ionic strength or the
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presence of surfactants, it is possible to effectively shift the pH regime necessary for the phase
separation. In fact, recent preliminary results have indicated that PAA/PAH 3.5/7.75
muitilayers may become microporous by simply being exposed to neutral aqueous solutions
of the surfactant sodium dodecyl sulfate {SDS). Presumably, the polar, charged head group of
the surfactant can screen electrostatic interactions within a film in a manner similar to
additional salt and consequently enables the chains to reorganize and become porous.

In addition, there has been a recent publication, based on the microporosity
phenomenon in the 3.5/7.5 PAA/PAH system, which reveals that PAA/PAH films assembled
under pH 5.0/5.0 conditions could become nanoporous.*® Similar to the 3.5/7.5 PAA/PAH
case, the 5.0/5.0 combination is another example of a loop-rich multilayer with essentially
fully charged molecules believed to be arranged in a random organization.'” By depositing
5.0/5.0 films with added salt in both the dipping and rinsing soiutions and then exposing the
final multilayer into salt-free neutral water, nanoporous features could develop.” Therefore, it
is becoming clear that it is possible to fine-tune an appropriate nonporous precursor and
control such phase separation processing parameters as ionic strength and pH to lead to a final
porous structure with desired film properties.

While a pH-induced spinodal decomposition seems to explain the porosity
development, there is also some evidence for minor dewetting at the substrate-multilayer
interface. Thickness and refractive index data obtained on nanoporous films (i.e., those
processed with salt-containing acidic water) may vary considerably depending on the choice
of the substrate (e.g., silicon, glass, or polystyrene) on which the multilayer is assembled. For
instance, multilayers deposited onto untreated silicon, which has relatively poor adhesion,
behave differently (i.e., the refractive index decreases more rapidly and to a lower final value)
than those on chemically silane-treated silicon or plasma-treated tissue culture polystyrene,
which have much better adhesive properties. However, even on these much more inherently
adhesive substrates or when the substrate-film interaction is greatly improved such that there
is no observable dewetting, the multilayers still readily experience the acid-driven phase
scparation. Therefore, the mechanism of the porosity development in polyelectrolyte
multilayers is indeed due primarily to the spinodal decomposition in the acidic water

nonsolvent.
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3.4 Applications of Porous Polyelectrolyte Muitilayers

There are certainly many promising applications that may arise from these micro- and
nanoporous polyelectrolyte multilayers. First, due to their tunable low refractive indices, the
porous films offer many unique strategies for creating useful optical coatings, which, for
example, reduce glare and reflections and increase transmission. Often, such antireflection
and antiglare coatings are produced by lowering the refractive indices of materials, which
may be accomplished by introducing nanoporosity into the material.”” The nanoporous
multilayers mentioned here and further detailed in a future publication would thus be effective
candidates for tunable antireflection coatings.'* Besides having low refractive indices, the
porous multilayers also exhibit low dielectric constants,” which could be quite valuable for
microelectronic applications.

The fact that multilayers may be completely removed from the substrate at pH's < 1.7
(as shown in Figure 3.3) may be useful in selectively patterning relief features in materials.
For instance, using a conventional inkjet printer, it is possible to use pH ~ 1.5 water as an
“ink” to dissolve multilayers down to the substrate in order to pattern devices with a feature
resolution better than 100 um.* For example, already it has been demonstrated that lighi-
emitting devices could be generated simply by dissoiving away an electrically-insulating
PAA/PAH multilayer and then spin coating a light-emitting ruthenium complex in the voids,
which were shaped into any desired design.*® Furthermore, instead of completely removing
the film with very low pH acid, it is possible to print the pH ~ 2.4 acidic water in patterned
designs to achieve localized porosity with micrometer-resolution.

A wide range of biomaterial applications could additionally be achieved using these
microporous and/or nanoporous multilayers. Membranes for filtration and separations,
whether or not for biomedical uses, are certainly just one potential application. The use of
these porous films for biomaterial membranes including for cell/protein/drug encapsulation,
as an alternative to conventional polyelectrolyte complex coacervation chemistry, is certainly
viable. Since researchers have already developed improved capsules from polyelectrolyte
multilayers,”'* the further introduction of controlled nano- and/or microporosity to those
capsule walls should be quite advantageous. Since the multilayers can easily conformally
cover substrates of all shapes and sizes, including other synthetic biomaterials, then porous

multilayer implant coatings could also be promising. Chapter 5 will address the interactions of
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the nano- and microporous 3.5/7.5 PAA/PAH system with living mammalian cells, which is
certainly an issue worth investigation for these biomedical applications.

The pH-induced effect of this porosity phenomenon also immediately leads to
potential uses as drug and controlled release systems. Again, the PAA/PAH 3.5/7.5
combination, which becomes porous at a pH of ~ 2.4 or at ~ 3.4 with added salt, is simply a
model system. Depending on the pK, values of other constituent polyelectrolytes in the
multilayer assembly, it should be possible to obtain controlled and sustained therapeutic
release at more suitable physiologically relevant pH conditions, such as at pH ~ 7.4. Again,
basic surfactant chemistry has already demonstrated the ability for the 3.5/7.5 PAA/PAH
system to develop porosity at neutral conditions, and Fery et al.”® have reported that 5.0/5.0
PAA/PAH multilayers assembled with salt could become nanoporous in neutral water.
Moreover, there is recent preliminary evidence showing that under certain processing paths
the porosity is reversible in that such pores may repeatedly open and close." If this porosity-
reversibility finding is demonstrated at higher physiological pH’s, then stimulus-responsive
controlled delivery systems using porous multilayer coatings seems quite possible. In
addition, as stated in section 1.4.1, some groups have deposited polyelectrolyte multilayers
directly onto drug* and enzyme crystals** and have demonstrated that low molecular weight
(< 4000 g/mol)** encapsulated substances can permeate through the multilayer film. Certainly
the ability of adding controlled nano- and/or microporosity to those polyelectrolyte multilayer

coatings could be of great value.

3.5 Conclusion and Future Work

This chapter has presented a unique phase separation process, induced simply by
acidic water to yield nano- and/or microporous polyelectrolyte multilayer thin films. While
most of the chapter emphasized the 3.5/7.5 (or 3.5/7.75) PAA/PAH combination, specifically
samples at ~ 20 layers (i.e., ~ 1000 A in thickness), there are many other layer numbers,
deposition pH conditions, and even other multilayer systems altogether that could similarly be
studied for their behavior to undergo a similar pH-driven spinodal decomposition. This
chapter identified many of the various tunable processing parameters in this phase separation
and revealed that there is an apparently optimal transformation pH of ~ 2.4 for the 3.5/7.5

PAA/PAH case. Other variables, including the time and temperature of acid exposure, were
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discussed, particularly in their influence on the overall porous morphology. The additional
step of rinsing an acid-immersed multilayer in neutral water briefly for a few seconds or
instead for many hours was also shown to be an important factor. Notably, two distinct porous
structural extremes were identified by controlling these time, temperature, and rinsing
conditions—1) a percolating, interconnected microporous regime obtainable at short times,
cooler temperatures, and without rinsing, and 2) a discrete, rounded throughpore morphology
achievable quickly in acid at elevated treatment temperatures or instead developed when any
initially acid-exposed porous film was immersed in neutral water for several hours.

FT-IR spectroscopic characterization of the porosity transition has revealed a bond
breaking and reformation mechanism, supporting the notion of a large-scale molecular
reorganization in the acid treatment. At a pH ~ 2.5, many of the ionized carboxylic acid
groups from PAA, electrostatically paired with charged amines from PAH, are protonated to
temporarily free and swell the multilayer structure. Based on structures identified in the
polyelectrolyte complex literature, one potential argument was made that a porosity-driven,
loop-rich film, such as the 3.5/7.5 PAA/PAH system, is arranged in a presumably randomly
ionically stitched “scrambled salt” architecture. The acidic water enables the more mobile
polymer chains to sample more energetically favorable conformations and thus phase
separate. At room temperature and without any subsequent rinsing in neutral water, the
multilayer exhibits a percolating microporous morphology. Meanwhile, the neutral water
rinsing serves to reform many of the carboxylate ions to re-establish more cooperative charge
pairing, resulting in a more insoluble polyelectrolyte complex, which experiences a more
substantial phase separation as evident by its greater swelling and lower refractive index,
compared to non-rinsed films. Long immersions in the neutrai water allow the porous films to
undergo a secondary reorganization, leading to a discrete throughpore structure. The
observation that all porous films, no matter what the initial porosity treatment, tend to develop
this throughpore morphology in neutral water over time (or rapidly in acid at higher
temperatures) gives credence to its being an energetically favorable state.

In addition, manipulating the ionic strength of the acidic transformation bath has
shown that it is possible to create nanoporous multilayer films (with pore sizes < 100 nm). It
is even possible to shift the porosity-pH curve higher by about 1 pH unit by adding more

concentrated salt to less acidic water (i.e., at pH ~ 3-3.5 rather than at pH ~ 2-2.5).
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Furthermore, crosslinking was discussed as an effective way by which to advantageously
stabilize any porous structure and further revealed how chain mobility and cleaved bonds are
necessary for the molecular reorganization.

The fundamental findings and analysis on this porosity effect in polyelectrolyte
multilayers has been demonstrated, yet there is a great need for further future study. A more
rigorous thermodynamic-based analysis that discusses this pH-induced spinodal
decomposition in terms of free energy changes should be performed. Relating the findings
presented here to other well-known reports on polymer and polyelectrolyte gel theory, which
discuss spinodal demixing phase transitions to induce substantial, reversible swelling changes
in such gels,”** would be enlightening. This polymer gel theory could also help explain some
of the recent results demonstrating how the pores of certain porous multilayer films may open
and close in a “reversible” manner."* Furthermore, verifying the thickness and refractive index
of these porous films using transmission/reflectance measurements from UV-visible
spectroscopy, may be a useful alternative method instead of relying solely on ellipsometry or
profilometry measurements, which can easily be misleading due to light scattering by the
pores.

Many of the processing variables in the porosity development were presented here, but
exploring them in more detail and interrelating them together could be useful in order to
achieve desired morphologies, pore sizes, thicknesses, and refractive indices on demand.
Thus, understanding how each parameter influences the porosity mechanism from a more
quantitative thermodynamic point of view would surely be valuable in modifying and
optimizing the porosity phenomenon. The combination of salt and temperature variables (each
were explored individually) should also be investigated in tandem. The interesting finding that
a surfactant alone could induce porosity under neutral aqueous conditions is quite significant
and should certainly be explored. Assembling other multilayer systems with ionic stitching
analogous to that of the 3.5/7.5 PAA/PAH combination and then identifying specific pH’s for
phase separation behavior would be useful to confirm the universality of the porosity effect.
Ideally, with the appropriate choice of all of these many processing conditions, one could then
easily tune the porosity development at will.

From an applications point of view, the study of the transport properties of porous

multilayers should be performed. Nonporcus multilayers have already been shown to be
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suitable for separating gases and small molecules, and micro- and nanoporous multilayers as
described here should similarly be useful filtration and membrane systems. Clearly, basic
studies on the mass flux and permeability of these porous multilayers is necessary. The recent
preliminary data showing that the porosity effect can be reversible under certain
circumstances'* is an important finding and similarly will be addressed in more detail in the
future. Ultimately, studying small molecule and/or drug release from porous multilayers will
be needed for determining their use as controlled release systems.

Overall, there appears to be a great deal of potential and versatility available from
understanding the development of porous polyelectrolyte multilayers using just a simple
aqueous-based pH-induced spinodal decomposition. With applications ranging from
membranes to antireflection and other optical coatings to a wide variety of biomaterial
purposes, these nano- and microporous polyelectrolyte multilayer thin films should provide

many interesting opportunities to engineer tunable and functional porous materials.
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Chapter 4:

Protein Interactions with
Polyelectrolyte Muitilayers

4.1 Introductory Remarks

Chapter 1 introduced some of the previous biomedical applications of polyelectrolyte
multilayers and emphasized the fact that many groups have already manipulated such layer-
by-layer processing schemes to assemble hybrid protein-containing thin films."'* A wide
range of proteins with many different physiological functions have been successfully
incorporated into multilayer films, particularly for biosensing applications. Due to their multi-
faceted chemical nature, including notably their ionic, hydrogen bonding, van der Waals, and
hydrophobic character, proteins can be assembled into multilayer films via potentially many
different chemical interactions. Some researchers have even demonstrated the use of more
sophisticated specific molecular binding, such as avidin-biotin chemistry, to fabricate protein
multilayer films.""

Usually, however, researchers have exploited ionic bonding to assemble proteins with
synthetic polyelectrolytes, in a similar fashion to entirely synthetic-based polymer systems.

By depositing a protein at a pH value above or below its isolectric point (pl, the point at
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which the number of positive charges equals the number of negative charges), the protein can
be “tuned” to be either predominantly positively or negatively ionized; the protein can then be
alternated with an oppositely, charged polyelectrolyte to enable the muiltilayer assembly.
Nevertheless, regardless of the charge of the previous polyelectrolyte layer and of that of an
adsorbing protein, Ladam et al.”® have recently revealed that the protein still readily binds to
the underlying polyion layer. For instance, if a protein were deposited at a pH such that it is
predominantly negatively charged, it would bind strongiy to a polycationic layer, as expected,
yet still interact with a polyanionic layer as well. As an example, Ladam et al. have
demonstrated that many different proteins, such as human serum albumin (HSA), lysozyme,
and myoglobin, among others, could easily bird to both negatively and positively charged
polymer layers when the proteins are either negatively or positively charged themselves.”®
Generally, however, the amount of adsorbed protein (determined by its layer thickness) on a
similarly ionized polymer layer is less than that which deposits on an oppositely charged
polymer surface.”® Therefore, while overall electrostatic effects are important, other
secondary bonding interactions also influence the adsorption of proteins to polymer layers.

In preparation for Chapter 5, which discusses the interactions of mammalian cells with
various multilayer thin films previously introduced, this chapter investigates the adsorption of
proteins to the surfaces of two di.tinct systems: the 2.0/2.0 and the 3.5/7.5 PAA/PAH
combinations. To reiterate, cells interact with their environment (i.e., other cells, the
extracellular matrix, and synthetic biomaterial surfaces) via their transmembrane proteins,
such as integrins. Thus, studying if and how proteins bind to polyelectrolyte multilayer
surfaces is an important issue related to ultimately understanding how living cells behave, i.e.,
attach, spread, and proliferate, on the thin films.

The technique used to analyze protein adsorption herein is known as surface plasmon
resonance (SPR), an optical method based on the concept of total internal reflection. SPR
concerns the reflection of incident light off a thin metal (e.g., gold or silver) film at the
interface between two optically different media, such as glass and a liquid. Although the
incident light is entirely internally reflected, an evanescent (short-lived) wave component of
the light still propagates across the metal interface into the less dense medium (e.g.. the
liquid) and excites frecly oscillating electrons, known as plasmons.'*'® At a certain incident

angle, called the surface plasmon resonance angle, the evanescent wave resonates with the
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plasmons. Since this SPR angle is a function of the refractive index adjacent to the metal film,
any change in the refractive index will consequently shift the SPR angle."*'® In a typical
experimental set-up, a buffer is flowed over an optical sensing cell, followed by the flow of a
buffered solution of interest (e.g., one that contains proteins). The adsorption of proteins and
its associated mass (density) change near the metal interface will cause the local refractive
index to change and thus the SPR angle to shift. This shifting is detected in real-time by the
SPR instrument, and the amount of protein adsorbed may easily be quantified. Figure 4.1
depicts a schematic of the surface plasmon resonance experimental set-up and how changes in

the refractive index are converted to profiles of the angle shifts with time.
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Figure 4.1: a) A schematic of the experimental flow cell used in SPR detection. A sensing chip
consisting of a thin layer of gold on glass is modified with a surface of interest (in this case,
sequentially-adsorbed polyions to form multilayers): proteins in a buffer are flowed over the surface.
and any protein-surface binding is detected via refractive index changes. as shown in (b). Adsorption
of protein influences the local refractive index and thus the reflectivity of the light. shifting the SPR
angle 6. Continuous monitoring of the angle shifts over time leads to the creation of adsorption
profiles, as depicted in (b). (Adapted from ref. # 16.)
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Previously, SPR has been employed to study real-time biological interactions,
including, for example, antigen-antibody binding,'” ligand-receptor binding, enzyme kinetics,
and DNA hybridization,'” among others. Recently, SPR has been used quite frequently to
monitor protein adhesion to self-assembled monolayers (SAMs), which are composed of
alkanethiols on gold, terminated with a variety of chemical functional groups.'®* Researchers
anticipate that using SAMs can provide a systematic way t.s investigate the interactions of
proteins with numerous different chemical features, with the hope that it is possible to
correlate protein adhesion with cell attachment.”** This chapter details the results regarding
using the SPR technique to monitor the adsorption of two different proteins, lysozyme and
fibrinogen, to the 2.0/2.0 and 3.5/7.5 PAA/PAH multilayers. Chapter S will then review these

findings in trying to explain the interactions of these multilayers with living mammalian cells.

4.2 Materials and Methods

4.2.1 Materials

For the 2.0/2.0 multilayers, both PAA and PAH were prepared as 5 x 10” M solutions
in ultrapure 18 MQ-cm Millipore water, prior to pH adjustment. For the 3.5/7.5 case, the PAA
and PAH were prepared as 1 x 10" M solutions in Millipore water and then pH adjusted. All
polymer solutions were filtered through a 0.2 pm Acrodisc filter. Lysozyme (from chicken
egg white) and fibrinogen (from bovine plasma) werc obtained from Sigma. The lysozyme
and fibrinogen were prepared as 1 g/L and 0.2 g/L solutions. respectively. in Dulbecco’s

phosphate buffered saline (PBS) (pH ~ 7.4, with calcium and magnesium).

4.2.2 Surface Plasmon Resonance

Multilayer thin film deposition. Gold-coated glass sensing substrates (Biacore, Inc.)
were used for all experiments without any additional surface preparation. Using a BIAcore™
2000 SPR instrument from Biacore, Inc., polyelectrolyte muitilayers were assembled in situ
with continuous monitoring of the refractive index changes adjacent to the gold substrate. The
temperature for the deposition and subsequent protein studies was maintained at 25°C.
Neutral Millipore water was used as the buffer in all multilayer assembly procedures and was
flowed over a new gold chip for a minimum of 1 hour prior to polymer deposition. Beginning

with PAH as the first layer, PAA and PAH were injected (injection volume = 100 uL) one at a



time with a flow rate of 20 uL/min over the gold surface. After injection, the flow cell was
washed for 2 minutes with neutral water, before the introduction of the next polyelectrolyte.
This process was repeated until 10 or 11 layers were assembled for the 3.5/7.5 system or 14 or
15 layers for the 2.0/2.0 PAA/PAH case, with odd and even layer numbers referring to a PAH
and a PAA film surface, respectively.

Protein adsorption. After the appropﬁale number of layers had been adsorbed onto
the gold chip, the buffer was changed from water to Dulbecco’s PBS. The PBS was flowed
over the multilayer-coated gold sensor substrate for at least 1 hour at a flow rate of 10
puL/min. Then 100 pL of lysozyme and fibrinogen were injected with a flow rate of 10
uL/min over separate parts of the multilayer film (i.e., there was no competition between the
proteins in binding to the film). PBS was then used again to tlow over multilayer and wash it
of any excess or poorly bound protein. The magnitude of the adsorption of lysozyme and
fibrinogen to each multilayer surface was then quantified graphically with the Biacore

software.

4.3 Results and Discussion

4.3.1 Assembly of Polyelectrolyte Multilayers
In this study, PAA/PAH films were deposited directly onto gold substrates in the SPR

instrument by flowing the individual polymers over the gold chip one at a time. With this
technique, the in situ growth of a multilayer film was therefore monitored continuously over
time. To compare the effect of the charge of the cutermost layer, multilayers ending in both
PAA and PAH were created for each system. Normally, SPR experiments involve the
injection of proteins or other analytes over a surface of interest immobilized on the gold chip;
any protein-surface interaction or binding is observed via the refractive index changes,
manifested in the resulting SPR signal. By analogy, in this case, the polyions were “injected”
repeatedly and alternately in order to deposit the different multilayers.

Figure 4.2 presents representative graphs of the layer-by-layer deposition of both the
2.0/2.0 and 3.5/7.5 PAA/PAH multilayers, as fabricated in the SPR instrument. It is evident
from the plots that the thin films do indeed build successfully in a stepwise, incremental
fashion on the gold sensor chip. The association and dissociation phases of the adsorption are

also clearly visible, particularly in Figure 4.2(b), which shows a larger view of three
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sequential layers from the graph in (a). It should be noted that the y-axis is in terms of
measured response units (RU), which are simply linearly related to the amount of angle
shifting detected. The SPR instrument used in these studies defines the relation that 1000 RU
is equivalent to a shift of 0.1°. The absolute value of the response units is arbitrary; what is
significant is only the change in the response units, which corresponds to a change in the SPR
angle and thus indicates material adsorption. Other groups have observed similar stepwise
deposition in monitoring the layer-by-layer adsorption process. For instance, Pei et al.”’
investigated the assembly of negatively charged DNA and the positively charged
poly(diallyldimethylammonium chloride) (PDAC), revealing an incremental layer growth

resembling that of Figure 4.2.

400009 - - e
a) g 35000 - 2.0/2.0
= 30000 PAA/PAH
'S 25000
@ 20000 4
S 15000 < x
§ <0000 3.5/7.5
14 PAA/PAH ‘
5000 4
0 r T v v r
0 2000 4000 68000 8000 10000
b) 25000 -
=) 2.0/2.0 :
@ 23000 - -
g A - ]
Z 21000
p |
® 19000 -
[
8 17000 -
S 3.5/7.5
14
15000 . . ' v
3900 4400 4900 5400 5900
Time (sec)

Figure 4.2: a) Representative response units vs. time graph obtained from SPR data. displaying
stepwise growth of 16 polymer layers for the PAA/PAH 2.0/2.0 and 3.5/7.5 systems as assembled on
the plain gold sensor chips. The absolute values of the response units are unimportant. and only the
relative change is meaningful. b) A larger image of the time region from 3900 sec to 60090 sec from
graph (a). which more clearly shows the increase in the SPR signal. exhibiting both associative and
dissociative adsorption phases.



4.3.2 Protein Adsorption to Polyelectrolyte Multilayers

After the PAA/PAH multilayers were successfully assembled in situ on the gold
sensor chips in the SPR instrument, protein adsorption experiments were performed. Usually,
buffered salt-containing solutions are used in all SPR studies, as is typical of most
experiments with proteins. However, the buffer used during the fabrication of the films was
simply pure Millipore water, thereby creating an aqueous-based process similar to that of how
multilayers are assembled outside of the SPR apparatus. Of necessity, the buffer was then
changed to physiological saline, PBS, (pH ~ 7.4, I ~ 0.15 M) for the subsequent protein
studies. In general, it is normal to allow the buffer to flow over the surface of interest (here,
the various multilayers) for some time in order to achieve a stable, flat baseline prior to
protein injection. In fact, there was at least 1 hour maintained between the time of incubation
of the PBS solution and the injection of any protein. Such time allowed for the baseline to
_ stabilize, since there were significant decreases in the vaiue of the response units;
interestingly, this reduction in the SPR response units reflects that fact that the films are
swelling, as expected, in the buffer.

Previously. other groups have employed SPR experiments to observe the swelling of
materials by water or buffers. For instance, Green et al.” researched the hydration behavior of
various poly(ethylene oxide) (PEO) hydrogels using SPR analysis. The well-known swelling
and hydration of PEO-based materials is offered as an explanation for their protein and cell
resistance.”> Green et al.® reported that these PEO-containing hydrogels exhibited
characteristic negative SPR angle shifts, which were indicative of the polymers swelling 1n
the water. As the polymers became hydrated in the water, the net refractive index of the
swollen hydrogel would decrease, thereby resulting in a negative shift in the SPR angle.”®
Thus, the substantial reduction in the SPR response units observed after the incubation with
the PBS buffer (as well as with water to a lesser extent) in these multilayer studies clearly
suggests the films are swelling. The relationship of this film swelling to the cell culture
experiments performed on these multilayers will be addressed further in Chapter 5.

After ~ 1 hour of swelling in the PBS buffer (which is a longer time needed for the
baseline to stabilize), two proteins—lysozyme and fibrinogen—were injected independently
over the film surface. Both of these proteins have frequently been used in SPR studies as

model proteins for investigating the adhesiveness of various surfaces. A large ( MW -~ 340 kD)
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blood plasma protein, fibrinogen is representative of “sticky” serum proteins, since it readily
binds to hydrophobic surfaces.” The pl of fibrinogen is ~ 5.5, rendering it predominantly
negatively charged under physiological buffer conditions. Lysozyme is a much smaller (MW
~ 14 kD) enzymatic protein, which is highly positively ionized at pH ~ 7.4 conditions, since
its pI is ~ 11."°2 Consequently, lysozyme is a good indicator of electrostatic interactions
involved in protein adhesion, particularly to anionic surfaces.

Figure 4.3 displays the amount of each protein adsorbed to the different PAA/PAH
multilayer films, prepared with both PAA and PAH as the last layer deposited. For
comparison purposes, the adsorption of both proteins to the plain gold chip, without any
polymer coating, is also provided. The absorbed amount was simply derived from the SPR
manufacturer’s guidelines that, regardless of the size and molecular weight of the protein,
1000 response units is equivalent to ~ 1 ng/mm’of adsorbed protein. The change in response
units was obtained simply from the SPR software computing the relative difference between
the SPR signal at the baseline prior to the protein injection and the signal after the injection

was completed, as illustrated in Figure 4.1(b).
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Figure 4.3: SPR-derived adsorption data for lysozyme and fibrinogen on an uncoated gold surface and
gold coated with 3.5/7.5 or 2.0/2.0 PAA/PAH multilayers.

As expected, both proteins bind nonspecifically to the relatively hydrophobic gold
surface, with about twice as much of the more hydrophobic fibrinogen adhering compared to
the lysozyme. All PAA/PAH multilayer surfaces also exhibited some protein adhesion,

irrespective of the identity and charge characteristics of the outermost layer. However, in
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many cases, the amount of adsorbed lysozyme was less than that on the gold control, and the
adsorbed fibrinogen was always consistently less than that on gold. In addition, there are
interesting results observed on the specific multilayer surfaces. With the 3.5/7.5 PAA/PAH
films, ~ 0.91 ng/mm’® of lysozyme adsorbed when PAA was the last deposited layer,
compared to only ~ 0.48 ng/mm’ when PAH was the outermost layer. Such results are
consistent with the fact that in pH ~ 7.4 huffer conditions the numerous uncharged carboxylic
acid groups (COOH) on a PAA-topped film would necessarily ionize to carboxylate groups
(COQ"), which would strongly attract highly cationic lysozyme molecules. Meanwhile, an
overall cationic PAH outermost surface, with a few unbound amines and many positively
charges (although mainly already bound to the preceding PAA layer) would not be expected
to attract as much lysozyme. Of course, some positively charged lysozyme molecules can stili
bind even to a similarly charged PAH surface via negative charged domains on the protein,
other secondary interactions, and binding to any PAA chain segments penetrating into the
surface. Likewise, the anionic fibrinogen binds to either a PAA or PAH outermost layer of the
3.5/7.5 system about equally well.

For the 2.0/2.0 PAA/PAH multilayers, the fact that the films are overall dominated by
PAA segments, especially in the form of unbound acid groups, is evident in the protein
adhesion findings. As discussed in section 2.3, both a PAA and a PAH outermost layer are
highly rich in free acids, which readily ionize in the PBS buffer to become negatively charged
(COO); this high degree of negative charges on both PAA and PAH surfaces attracts a
significant amount of the cationic lysozyme. Compared to the 3.5/7.5 system, the 2.0/2.0
PAA/PAH case overall possesses much more free acid character, which is also independent of
the identity of the outermost layer. As Figure 4.3 shows, the COO™ surface-rich 2.0/2.0
PAA/PAH films bind more caticnic lysozyme than in the 3.5/7.5 case. In addition, these
2.0/2.0 films attract more oppositely charged lysozyme than the anionic fibrinogen. All of
these results confirm earlier work”® showing that similarly charged proteins and multilayer
surfaces may easily attract each other due to electrostatic binding between the surface and
other oppositely charged parts of the protein, secondary interactions. and the mixed.
interpenetrated nature of many multilayer surfaces.

From these results, it may be concluded that the polyelectrolyte multilayers examined

here bind the cationic lysozyme roughly the same amount or less on average compared to an
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uncoated gold substrate. However, fibrinogen binds to gold about 3 times more than to both
the 3.5/7.5 and 2.0/2.0 PAA/PAH films, irrespective of the identity of the outermost layer.
Thus, compared to gold, multilayers somewhat resist, although certainly not completely, the
adsorption of a hydrophobic protein such as fibrinogen. Overall, the multilayers do indeed
adhere proteins to some degree, which is not surprising due to the many demonstrations in the
polyelectrolyte multilayer literature of all types of proteins being able to adsorb to previous
polymeric layers to fabricate alternating polymer-protein films.

It should be noted that any protein adsorption on the gold and on the multilayer
coatings is occurring through nonspecific interactions, since there are no peptide adhesive
ligands (e.g., the amino acid RGD tripeptide) to precisely bind only certain proteins. Of
course, as mentioned in section 1.1, eliminating nonspecific protein and cell interactions is an
emerging theme in biomaterials engineering, which demands the creation of effective bioinert
materials. According to the data presented here, the 3.5/7.5 and 2.0/2.0 PAA/PAH films are
not protein resistant materials, a finding which would certainly impact their use as
biomaterials. Nevertheless, as will presented in Chapter 5, the correlation between protein and
cell adhesion is relatively poor and still not well understood,”* although many groups have
tried to elucidate what determines the protein resistance or adhesiveness of a given surface. In
fact, many routinely measurable surface properties, such as wettability, conformation aspects,
and polarity do not seem to correlate well with how the surface will interact with proteins.'”” A
recent conclusion has been that suitable protein resistant materials possess polar
functionalities, are net electrically neutral. and contain hydrogen bond acceptors but not
hydrogen bond donors, such as COOH or NH, groups.'®** However, most of these studies
were performed with self-assembled monolayers (SAMs) on gold, terminated with a variety
of chemical functional groups: such general rules may not necessarily apply to the interactions
of proteins with the more complex nature of highly interpenetrated polyelectrolyte
multilayers. Obviously, according to these general findings, the functional groups of neither
PAA nor PAH would be considered protein resistant but would rather be inherently adhesive.
Recently, for instance, it has been reported that SAMs grafted with PAH chains were found to

be protein adhesive."
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4.4 Conclusion and Future Work

This chapter has introduced an investigation into the interaction of proteins with two
typical weak polyelectrolyte multilayer systems. The technique of surface plasmon resonance
has been demonstrated to be an effective way by which to explore: 1) the in situ assembly of
multilayers, showing a characteristic stepwise growth of the individual layers, and 2) the
ability of proteins to nonspecifically interact with such fabricated multilayers. Consistent with
recent findings in the literature, the outermost layer easily attracted both oppositely and
similarly charged proteins. There was alsc some dependence on the nature of the multilayer
system,; for instance, a COOH-rich 2.0/2.0 film attracted a substantial amount of the cationic
lysozyme o either a PAA or PAH outermost layer, confirming the fact that, in either case, the
film is dominated by PAA chains and its surface becomes highly ionized to COO~, which
readily binds the oppositely charged protein.

In the future, it would be interesting to examine more types of proteins, including ones
with different molecular weights, isoelectric points, and other characteristics. For example,
the common protein serum albumin is considered to be a nonadhesive protein compared with
fibronectin, for instance, which readily adheres cells.” Thus, one must be careful in saying
that a surface found to be protein adhesive would correspondingly be cell adhesive, if, for
instance, it binds the protein albumin, which is nonadhesive to cells.” Ultimately, it would be
advantageous to relate these and other more extensive protein adhesion studies with in vitro
cell culture experiments, although researchers investigating both protein and cells studies on
SAMs with identical materials found no obvious correlation. It would also be useful to
measure, alongside the protein adsorption experiments with these multilayers, the response to
known protein resistant ethylene glycol SAMs®"** or other ethylene glycol-rich materials,
such as poly(oxyethylene) methacrylate (POEM) comb polymers® for comparison purposes.
Furthermore, confirming the protein adhesion results via another complimentary technique,
such as quartz crystal microbalance (QCM) gravimetric analysis to measure the uptake of
proteins to polymer films through mass/frequency changes could prove valuable.

Besides studying protein adhesion, the use of SPR technigues to investigate the
assembly of polyelectrolyte multilayers would be quite informative, as well. Other groups
rescarching multilayers have recently realized the utility of SPR for monitoring the in situ

film growth as the layers are built in solution. Overall, SPR scems to be an especially useful
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method to compliment dry (in air) measurements on thin films, which do not necessarily

reflect the actual dynamic adsorption process of the aqueous-based layer assembly. Such in

situ characterization methods will surely prove useful in elucidating the swelling and related

behavior of multilayers in fluids, which is of great importance in understanding their potential

role as biomaterials.
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Chapter 5:

Cell Interactions with
Polyelectrolyte Muitilayers

5.1 Introductory Remarks

As the field of polyelectrolyte multilayers continues to expand, it is becoming
apparent that these versatile, nanostructured thin film coatings could have significant potential
as biomaterials. Already, numerous studies have examined multilayers for biosensor
applications' and controlled release and drug delivery systems.*® In a logical extension of
that work, researchers are beginning to explore polyelectrolyte multilayers as bio-interactive
materials,”'? as discussed earlier in section 1.4.2. Central to those investigations is the need to
elucidate the biocompatibility of polyelectrolyte multilayers, particularly their interaction with
living cells. However, few studies to date have examined cell behavior on multilayers,
especially with regard to relating the resultant cell attachment and growth with the underlying
molecular architecture of the thin films.

One noteworthy study, that of Elbert et al., revealed how multilayers assembled from
the biopolymers polylysine and alginate, were resistant to the attachment of human fibroblast

cells.® Moreover, the multilayers could block these highly adhesive cells from interacting with
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extracellular matrix (ECM), collagen, and tissue culture polystyrene (TCPS) surfaces.” Again,
as explained in section 1.1.2, finding materials to create a bioinert background, which first
resists nonspecific protein and cell attachment and then which could be functionalized to bind
only desired cells and/or proteins, is an important, emerging theme in designing biomaterials.
This chapter surveys the cell response of mouse fibroblasts to a wide range of multilayer
combinations, consisting of different constituent polyelectrolytes and deposition pH’s, as
previously identified in Chapter 2. As it will be presented, there are many other cell-resistant
multilayer systems besides the one reported by Elbert et al. Quite significantly, this chapter
furthermore describes that by manipulating the pH deposition conditions to thus control the
underlying molecular architecture, it is possible to fine-tune a single multilayer combination
to be either cell adhesive or cell resistant. For example, the PAA/PAH system, already
discussed throughout this thesis, can be readily directed via its molecular assembly to be
either adherent (e.g., the 6.5/6.5 case) or completely bioinert (e.g., the 2.0/2.0 case) to the
fibroblasts.

5.2 Materials and Methods

5.2.1 General Multilayer Deposition and Assembly

Multilayer thin films, as described previously in section 2.2.1, were directly deposited
onto tissue culture polystyrene (TCPS) petri dishes and multiwell plates (Falcon) for in vitro
cell studies. Other substrates, including polished <100> silicon wafers (Wafemet), glass slides
(VWR Scientific), ZnSe crystals (SpectraTech), and TCPS slides (Nalgene) were used for
complimentary multilayer characterization studies. The specific multilayer systems assembled
for surveying their interaction with living mammalian cells were (as described previously in
Chapter 2): 1) PAA/PAH at pH 3.5/7.5, 6.5/6.5, and 2.0/2.0; 2) PMA/PAH at pH 6.5/6.5 and
2.5/2.5; 3) PAA/PAAm at pH 3.0/3.0; 4) PMA/PAAm at pH 3.0/3.0; 5) SPS/PAH at pH
6.5/6.5, 2.0/2.0, and 10.0/10.0; and 6) SPS/PDAC at pH 6.5/6.5 with and without salt (0.25 M
NaCl).

5.2.2 Cell Culture

Unless stated otherwise, all cell culture reagents were purchased from

Gibco/Invitrogen/Life Technologies. Murine NR6WT fibroblasts, a cell line derived from
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mouse NIH 3T3 cells, were obtained from the laboratory of Prof. Linda Griffith at MIT.
Standard sterile cell culture techniques were used for all cell experiments. After tae TCPS
substrates were coated with the desired multilayer system and with the appropriate number of
layers, the substrates were spray sterilized with 70% (v/v) ethanol (VWR Scientific). The
NR6WT fibroblasts were cuitured in a humid 37°C/ 5% CO, incubator in complete pH ~ 7.4
growth media consisting of Modified Eagles Medium-oo (MEM-a) supplemented with 7.5%
(v/v) fetal bovine serum (FBS), 1% (v/v) nonessential amino acids (10 mM), 1% (v/v) sodium
pyruvate (100 mM), 1% (v/v) L-glutamine (200 mM), 1% (v/v) penicillin (10,000 U/ml,
Sigma), 1% (v/v) streptomycin (10 mg/ml, Sigma), and 1% (v/v) Geneticin (G418) antibiotic
(350 pm/mg). Serum free media was prepared identically to the complete serum-containing
media except that the FBS was replaced by 1 g/L bovine serum albumin (Sigma, Fraction V).
For normal cell maintenance, cells were grown near confluence in Falcon T75 TCPS flasks or
dishes, washed once with warm Dulbecco’s phosphate buffered saline (PBS) (pH ~ 7.4),
detached with trypsin (1X) (Sigma), and passaged semiweekly.

For quantitative attachment and proliferation assays, the cells were resuspended in
normal serum-containing media after the trypsinization and then spun down in a centrifuge at
~1000 rpm for ~5 minutes. The cells were then resuspended in fresh media, mixed in a 1:1
ratio with 0.4% trypan blue (Sigma) and counted with a hemocytometer with trypan blue
exclusion to determine cell viability prior to seeding. The NR6WT fibroblasts were seeded at
~10,000 cells/cm? onto the sterilized multilayer-coated substrates (day 0), and their population
was counted daily with a hemocytometer with trypan blue exclusion. A Nikon inverted phase
contrast microscope with Openlab 3.0 software was used for all experiments to capture
images of the cell density, spreading, and population growth on the various multilayer
surfaces over a minimum of 5 days. In the cell attachment and proliferation assays, the media
was usually changed daily, except for cases where cells did not adhere to the multilayers,

when media was instead changed at most every other day.

5.2.3 Characterization Methods

Muiltilayers assembled for studies to compliment the in vitro cell experiments were
analyzed using the surface characterization techniques detailed previously in section 2.2.

Profilometry and ellipsometry were used to obtain thickness data. AFM imaging was
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employed for surface morphology profiling and roughness measurements. FT-IR
spectroscopy provided chemical bonding information. Complimentary wettability studies on
various multilayers were performed on TCPS slides (Nalgene) preconditioned in various
solutions to mimic the treatment seen by multilayer-coated TCPS substrates used for the cell
experiments. Specifically, the TCPS slides were immersed in: 1) 70% ethanol, 2) Dulbecco’s
phosphate buffered saline (PBS) with calcium and magnesium (pH ~ 7.4), 3) compliete
nutrient media (pH ~ 7.4, with 7.5% FBS), or 4) serum-free media (pH ~ 7.4) for a minimum
of 7 days in a humid 37°C/ 5% CO, incubator. The samples were removed from the incubator,
rinsed briefly with pure Millipore water, and flushed dried with N, gas before the advancing

and receding contact angles were obtained.

5.2.4 In Situ Swelling Experiments

The in situ swelling of representative multilayer thin film samples was obtained by
using a Digital Instruments Multilmode Scanning Probe Microscope in contact mode, both in
air and under fluid (Dulbecco’s PBS with calcium and magnesium (pH ~ 7.4)). First, films
assembled onto silicon substrates were scored down to the bare silicon. A single one
dimensional line was imaged repeatedly by first positioning the tip over this scratch, resulting
in a clean cross-sectional profile of the film thickness relative to the scratch depth. After
obtaining such a profile in air, the same sample was imaged in a fluid ceil injected with
enough PBS to form a uniform droplet over the tip. The score was again imaged repeatedly to
achieve a cross-sectional profile under fluid. Any swelling information could then easily be
derived by comparing the differences in film thicknesses during the “in air” and the “under

fluid” experiments.

5.3 Results
5.3.1 General Findings: PAA/PAH Multilayers

To investigate the adhesion and growth of mammalian cells to different multilayer
surfaces, NR6WT fibroblasts were seeded at ~10,000 cells/cm® onto sterilized cell culture
plates that had been directly, conformally coated with the appropriate multilayer system and
number of layers (without any additional priming steps). As fibroblasts, the NR6WT cells are

responsible for aiding in wound healing and synthesizing the extracellular matrix (ECM), the
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supporting scaffold on which many cells anchor. Furthermore, as an anchorage-dependent cell
line, NR6WT fibroblasts must be attached to a substrate for survival and are well known to be
highly adherent to many biological and synthetic surfaces. These cells also secrete their own
adhesion molecules, such as fibronectin, a common protein used to bind cells. Consequently,
NR6WT fibroblasts are a strong indicator of the degree of adhesiveness of a surface.

Many studies were performed on the PAA/PAH multilayer combination, in particular
the 6.5/6.5, 3.5/7.5, and 2.0/2.0 PAA/PAH systems, whose important film characteristics were
compared and contrasted in section 2.3. Figure 5.1 presents the number of attached NR6WT
cells on a TCPS control surface and on each of these PAA/PAH multilayer surfaces over
several days. As expected, the population of cells increases with time on the highly cell-
adhesive TCPS control. Similarly, the cell population increases on the 6.5/6.5 and 3.5/7.5
PAA/PAH multilayers with little difference with respect to whether the outermost layer was
cationic (PAH) or anionic (PAA) in either multilayer system. This observation is quite
intriguing, since, for example, the surface of a 3.5/7.5 PAA/PAH multilayer under pH ~ 7.4
buffer conditions is essentially fuilly negatively charged and dominated by carboxylate ions
(COO"), when PAA is the outermost layer, whereas an outermost PAH layer is rich in ion-

paired charged amines (NH,").
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Figure 5.1: Graph of the number of fibroblasts attached on various PAA/PAH multilayers and on a
TCPS control. The initial seeding density on day 0 was ~10,000 cells/cm®. 20- and 21-layer films
(corresponding to PAA- and PAH-topped, respectively) were deposited for the 3.5/7.5 and 2.0/2.0
systems; 40 and 41 layers were assembled for the 6.5/6.5 system. Both PAA and PAH-topped 2.0/2.0
films are completely resistant to cell attachment. The same number of layers for each multilayer
condition was used for the samples displayed in Figure 5.2.
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Phase contrast micrographs of representative fields of the fibroblasts cells on these
different multilayers over several days are shown in Figure 5.2. The cell density clearly
increases in the TCPS, 6.5/6.5, and 3.5/7.5 PAA/PAH samples, with the cells becoming
confluent on the TCPS control by late day 3 and onwards. The images reveal that the
fibroblasts exhibit substantial attachment, good spreading into their characteristic elongated
morphologies, and noticeable proliferation onto both 6.5/6.5 and 3.5/7.5 PAA/PAH
multilayers, similar to that on the TCPS control. Viability analysis with the dye trypan blue
has also revealed high cell viability (> 95 %) on all of these adhesive multilayer surfaces.

However, in stark contrast to the TCPS control and the 3.5/7.5 and 6.5/6.5 PAA/PAH
systems, fibroblasts seeded onto 2.0/2.0 PAA/PAH multilayers show essentially no
attachment and spreading on those surfaces but rather simply remain suspended in the cell
culture media, as shown in Figure 5.2(d). The question arises as to whether any cells ever did
initially attach to and then subsequently detached from these seemingly highly cell-resistant
2.0/2.0 multilayers. Such behavior—cells adhering and subsequently becoming non-adherent
and simply ﬂoating—wguld suggest that the multilayers are potentially cytotoxic. However,
microscopic examination performed 2 to 5 hours post-seeding revealed no cells ever attaching
to the 2.0/2.0 PAA/PAH films. Therefore, it may be concluded that PAA/PAH multilayers
assembled at pH conditions of 2.0/2.0 are bioinert; the 3.5/7.5 and 6.5/6.5 PAA/PAH systems
are, in contrast, ceil adhesive.

All of these in vitro experiments were performed in pH ~ 7.4 serum-containing media,
consisting of many essential factors and adhesion proteins, such as fibronectin and
vitronectin, necessary for proper cell adhesion and growth. Therefore, the cells were never
exposed :0 the rather harsh acidic conditions during the assembly of the 2.0/2.0 system, which
could lead to cell death. Even with this highly adhesive cell line and the additional adhesion
proteins plentiful in the serum media, 2.0/2.0 PAA/PAH multilayers prevent all noticeable
fibroblast attachment. If the suspended cells from the 2.0/2.0 films were also transplanted to
fresh TCPS surfaces, even after 2 days of floating, many cells readily attached on the adhesive
TCPS, as presented in Figure 5.3. In fact, the transplanted cell population would increase as
usual over several days as it would on any TCPS control. The observation that once non-
adherent cells could attach and grow as normal, healthy cells on a fresh adhesive surface

again validates the concept that the bioinert 2.0/2.0 multilayers are not overtly cytotoxic.
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Rather, such materials would be suitable candidates for the cell-resistant backgrounds for

engineering biomaterial interfaces that eliminate undesirable, nonspecific cell adhesion.
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Figure 5.2: Phase contrast photographs over several days of NR6WT fibroblasts seeded onto various
PAA/PAH multilayers and a TCPS control. The cells readily attach, spread. and proliferate on: a) the
TCPS control surface, b) the 3.5/7.5 PAA/PAH multilayer, with either polymer as the last layer
deposited, and c) the 6.5/6.5 PAA/PAH system. again with either polymer as the outermost layer. By
day 3 and onwards. the cells on these surfaces become fairly confluent. However. the 2.0/2.0
PAA/PAH multilayer, shown in (d), is completely cell resistant, as suggested by the floating,
nonadherent cells. ( wsmmm = 200 pm)
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Figure 5.3: A phase contrast photograph, taken on day 3, of attached cells on a TCPS surface. The
cells were transferred from an initially bioinert 2.0/2.0 PAA/PAH multilayer and remained floating for
2 days in the culture media, resembling what is observed in Figure 5.2(d). Once transplanied, the
fibroblasts attach, spread, and proliferate as normal, suggesting that the 2.0/2.0 material was not
overtly toxic to the cells. A truly cytotoxic surface would leave few, if any, living cells behind to
continue to behave as normal on a fresh TCPS or other adhesive surface. ( commmm= 200 pum)

To reiterate the descriptions from section 2.3 regarding these various PAA/PAH
systems, the 6.5/6.5 combination is ultrathin due to the high degree of- ionization on both the
PAA and PAH molecules. The 3.5/7.5 system, although much thicker and loop-rich, still
exhibits a significant degree (> 80%) of charged groups on the PAA and PAH chains. On the
contrary, the 2.0/2.0 PAA/PAH system predominantly consists of PAA segments and is quite
rich in unpaired carboxylic acids (COOH) (as assembled, not in the cell experimental
conditions, when the groups would ionize to COO"). Based only on these cell findings and the
underlying molecular structure (i.e., the degree of ionization), it was hypothesized that
multilayer thin films composed of other polyelectrolytes could similarly be bioinert; if these
other thin films were fabricated in such a way that the final assembled structure consists of
one or both of the polymer(s) with many free, unpaired groups, then perhaps those films could
also be cell resistant. The next few sections address other polyelectrolyte multilayer
combinations, which are analogous to the 2.0/2.0 PAA/PAH condition with regards to having
one polymer with a low degree of ionization (as assembled); it will be shown that these other
systems are similarly bioinert. Finally, section 5.4 explains more in depth the chemical and
structural issues regarding the cell adhesiveness or resistance of multilayer thin films and tries
to provide a more rigorous approach to identifying the source of the bioinertness exhibited by

certain multilayers.
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5.3.2 General Findings: PMA/PAH, SPS/PAH, and SPS/PDAC Muitilayers

Chapter 2 identified several other polyelectrolyte multilayer systems, including the
poly(methacrylic acid) (PMA)/PAH combination. (Most PMA/PAH thin film samples were
prepared by Postdoctoral Associate Sung Yun Yang in the Rubner group at MIT.) Except for
the additional mefhyl group in each repeat unit (as seen in Figure 2.1(b)), PMA is a weak
polyanion identical to PAA with ionizable carboxylic acid groups. By substituting PMA for
PAA in multilayers with PAH still remaining as the polycation, it was found that these
PMA/PAH films yielded similar results with cells as PAA/PAH ones. Specifically, as shown
in Figure 5.4, PMA/PAH multilayers assembled at pH 6.5/6.5 exhibited significant cell
adhesion, yet PMA/PAH films constructed at pH 2.5/2.5 demonstrated substantially reduced
cell attachment, as indicated by the rounded morphology of many floating, non-adherent cells.
This latter system resembles the 2.0/2.0 PAA/PAH combination in terms of having a high
degree of free acids, while the former system, having both polymers stitched in essentially

fully charged, ultrathin conformations, is analogous to the 6.5/6.5 PAA/PAH condition.

DAY 1 DAY 3
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Figure 5.4: Phase contrast photographs of the in vitro behavior of NR6WT fibroblasts seeded onto
PMA/PAH multilayers at: a) pH 6.5/6.5 deposition conditions and b) pH 2.5/2.5 conditions. These
PMA/PAH films evoke similar cell responses as that observed on PAA/PAH films assembled at
closely corresponding pH values. 47 and 48 layers (PAH and PAA outermost layers, respectively)
were deposited for the 6.5/6.5 PMA/PAH system, while 25 and 26 layers (PAH and PAA outermost
layers, respectively) were deposited for the 2.5/2.5 PMA/PAH condition. ( s = 200 um)
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Instead of using a structurally-similar weak polyanion for PAA to form alternating
layers with PAH, it is possible to replace the PAA or PMA with a strong (i.e., always fully
charged) polyanion, poly(styrene sulfonate) (SPS). Figure 5.5 presents cell morphology
pictures over several days obtained with various SPS/PAH multilayers. As stated in section
2.4.4, the SPS/PAH combination forms fully charged, ultrathin multilayers under both 6.5/6.5
and 2.0/2.0 pH deposition conditions. Analogous to the fully ionized, tightly stitched PAA-
and PMA-/PAH 6.5/6.5 systems, Figures 5.5(a) and (b) show how SPS/PAH thin films were
highly cell adhesive at both pH 6.5/6.5 and at 2.0/2.0 conditions.

However, it is also possible to manipulate the pH-dependent charged density of the
weak PAH molecules. With a pK, ~ 9, PAH is ouly slightly ionized at basic pH’s, while the
SPS remains fully charged. Adsorption measurements with the anionic dye rose bengal, which
binds to unpaired, charged amines, confirms the low degree of ionization of PAH in
multilayers assembled at high pH’s but not at neutral ones (e.g., 6.5/6.5 SPS/PAH). Therefore,
it is possible to fabricate multilayers containing an essentially fully ionized SPS polyanion
and a slightly charged PAH by depositing the films at high pH’s. Section 2.4.4 identified the
SPS/PAH 10.0/10.0 combination as an example of such a system, and, as seen in Figure
5.5(c), this condition is also cell resistant. Again, the 10.0/10.0 SPS/PAH system is analogous
both structurally as well as in terms of cell interactions to the PAA/PAH and PMA/PAH
combinations fabricated at low pH’s. These resuits confirm how simple adjustments in the
deposition pH conditions or of the constituent polyions assembling the multilayers may lead
to powerful differences in cell response.

Just as a strong, fully charged SPS was substituted for PAA or PMA, it is possible to
replace PAH with a fully ionized polycation, such as poly(diallyldimethylammonium
chloride) or PDAC. An example of two alternating strong polyelectrolytes, SPS/PDAC thin
fiims assembled without additional salt are tightly stitched and thus ultrathin at all pH values,
as stated earlier in section 2.4.5. Furthermore, similar to the thin, fully charged SPS/PAH,
PAA/PAH, or PMA/PAH systems, the SPS/PDAC multilayers are also quite cell adhesive, as
shown in Figure 5.6(a). However, when the ionic strength of the PDAC and SPS solutions
was increased (which is usually how these strong polyions are processed in the literature), the
screening of charges by the salt ions yielded thicker, loop-rich films, resembling multilayers

formed when weak polyelectrolytes are assembled at pH conditions to leave a low degree of

110



jonization of one polymer. Figure 5.6(b) displays that when 0.25 M NaCl was added to the

solutions, these salt-containing SPS/PDAC multilayers were cell resistant.
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Figure 5.5: Phase contrast photographs of NR6WT fibroblasts seeded onto SPS/PAH multilayers at:
a) 6.5/6.5. b) 2.0/2.0, and c) 10.0/10.0 assembly conditions, exhibiting cell adhesiveness for the first
two systems but inertness for the latter. 40- and 41-layer films (PAA- and PAH-topped films.
respectively) were deposited for the 6.5/6.5 and 2.0/2.0 systems; 20 and 21 layers (PAA and PAH
outermost layers, respectively) were assembled for the 10.0/10.0 condition. ( s = 200 um)

5.3.3 General Findings: PAA/PAAmM and PMA/PAAm Multilayers

Besides the electrostatically constructed multilayers, Chapter 2 discussed how
completely hydrogen-bonded systems also exist, such as between polyacrylamide (PAAm)
and PAA or PMA. (Postdoctoral Associate Sung Yun Yang fabricated all of these hydrogen-
bonded multilayer samples for the cell studies.) A well-known bioinert (protein resistant

olymer),”'* PAAm is often employed in the form of a crosslinked gel for protein
p p
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electrophoresis experiments in biochemistry. Figure 5.7 reveals how PAA/PAAm and

PMA/PAAmMm thin films are cell resistant, with all the cells floating in the media.
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Figure 5.6: Phase contrast photographs of NR6WT fibroblasts seeded onto SPS/PDAC multilayers at
pH 6.5/6.5 conditions a) without and b) with additional salt of 0.25 M NaCl. Samples prepared without
salt were 40 or 41 layers: salt-containing samples were 20 or 21 layers. ( s = 200 pm)

DAY 1

multilayers assembled from: a) PAA/PAAm at pH 3.0/3.0 conditions and b) PMA/PAAm at pH
3.0/3.0 conditions; these polyacrylamide-containing multilayers are highly cell resistant. even with
only a few (e.g.. 3) layers. ( wom=m = 200 um)
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5.4 Discussion

5.4.1 General Remarks

It is not surprising that a highly adhesive cell line such as the NR6WT fibroblasts are
able to attach, via nonspecific interactions, to TCPS substrates and many multilayer surfaces,
especially in the presence of serum proteins. However, it is quite intriguing that many
different multilayer assemblies identified in section 5.3 are actually highly cell resistant. More
remarkable is the observation that a single polyion multilayer combination can be engineered
to be either cell adhesive or cell resistant by simply adjusting the pH deposition conditions or
increasing the ionic strength, as in the case of SPS/PDAC films. Thus, it is worth trying to
elucidate what underlying themes govern whether or not a multilayer thin film will be
bioinert.

As stated in section 5.3, every example of a cell resistant multilayer had one of its
constituent polymers in only a slightly ionized state (or uncharged altogether as in the case of
the hydrogen-bonded films) usually due to pH control or, in the bioinert case of SPS/PDAC,
due to salt effects. It is important to emphasize that this low degree of ionization only
concerns the films as assembled, since exposure to the pH ~ 7.4 cell media would cause many
of those initially uncharged functional groups to ionize. For instance, the abundant number of
non-charged carboxylic acids (COOH) on a surface and within a typical 2.0/2.0 PAA/PAH
film would readily ionize to COO™; this ionization is confirmed by FT-IR spectroscopy as
well as UV-vis absorbance measurements, which show the COO™-rich 2.0/2.0 films bind high
amounts of the cationic dye methylene blue. Thus, there may be some correlation between
having many non-ionized, unpaired groups in the as-prepared multilayer, which consequently
encourages cell resistance. Chapters 1 and 2 showed that films possessing a polyion with a
low degree of charged groups correspondingly led to loop-rich layer conformations, thicker
films overall, and generally rougher surfaces. Additionally, polyelectrolyte multilayers are
inherently hydrated structures’; being highly hydrated and having favorable interactions with
water, which is one explanation for the protein and cell resistance of polymeric or oligomeric
ethylene glycol (PEO, PEG, or 0-EG),"'® could help to explain the bioinertness manifested by
some multilayers. In fact, the reason provided by Elbert et al. regarding the bioinertness of

their alginate/polylysine multilayers is because of the high degree of hydration and overall
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hydrogel character of the films.” Furthermore, the authors also report that alginate and
polylysine have already displayed some bioinertness in their history as biomaterials,
particularly in their use as complex coacervates. Such an explanation, presenting a highly
hydrated surface that appears to be just water rather than a surface able to promote cell
attachment, would certainly jusiify the bioinertness exhibited by multilayers containing
PAAm, a polymer whose inertness and low toxicity are already well established.”"
Interestingly, many of the polymers (and their individual functional groups) discussed
here are naturally cell adhesive. It shouid be noted that several literature reports state that
PAH and its amine group are quite protein and cell adhesive.'” The carboxylic acid group
(COOH), the chemical functionality found in PAA and PMA, is similarly often employed to
encourage cell binding to hydrogels, e.g., poly(hydroxyethyl methacrylate), which do not
generally support cell attachment.'®* In fact, Ghosh et. al have reported that hyperbranched
PAA films were cell adhesive due to their carboxylic acids, but that grafting PEG to the PAA
was required in order to render the surface cell resistant.' Modifying surfaces with SAMs of
alkanethiols with COOH terminus groups has also frequently been used to enhance cell
adhesion.”*?* In addition, PAA is well known as a bioadhesive and, specifically, a

mucoadhesive polymer,***

since its carboxylic acid groups can readily bind with divalent
ions (e.g., Ca*) in mucus linings within the body; drug delivery applications have resulted
from this unique characteristic of PAA.*

On the contrary, there has been at least one report in which highly hydrated PAA
grafted chains were able to significantly reduce, but not completely eliminate, the attachment
of endothelial cells.?® Of course, as stated previously, most studies employing PAA have
instead shown that the polymer and its carboxylic acid groups encouraged cell attachment.
Thus, whereas PAH and carboxylic-acid rich polymers and their respective functional groups,
when processed via conventional grafting or self-assembly methods are often reported to be
cell-adhesive, multilayers provide an alternative route by which to blend them together into
specific molecular architectures. Ultimately, one may importantly direct the resulting thin
films generated from a single multilayer combination to be either cell-adhesive or cell-
resistant. At this point, it is worth understanding more the observed interactions of these

various multilayers with the fibroblasts, with special attention being paid to explaining the

their unique feature of tunable bioinertness.
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5.4.2 Wettability Studies

Many surface features of a biomaterial are believed to have role in determining its
overall biocompatibility with the body. For instance, the wettability of a biomaterial’s surface
is often examined to help explain cell-materials observations. However, there has been no
general consensus as to what degree of hydrophilicity or hydrophobicity is best suited to
prevent or encourage cell attachment and growth. For example, Altankov et al. found that
human fibroblasts interacted more favorably, adhered better, and proliferated more on
hydrophilic surfaces, such as glass (6~ 25°), than on more hydrophobic materials, e.g.,
polylactate (8~ 70°) and silicone (8~ 111°).”” Horbett et al.”® similarly reported that glass and
other more hydrophilic surfaces attracted more cells than hydrophobic ones, since the ionic
groups, e.g., carboxylic acids, usually found on wettable materials can interact better with the
charges on the cells’ surface proteins compared to nonpolar, hydrophobic materials. Other
ionic groups, such as sulfonate and hydroxyl functionalities, also tend to enhance cell
adhesion.?’ On the contrary, there have been many reports that highly wettable surfaces (e.g.,
8 < 20°) do not attract as many cells as less hydrophilic ones (e.g., 8 ~ 40-60°).”

While wettability may be insufficient as the only factor in determining whether or not
a biomaterial is cell adhesive or resistant, it is still worth examining. To investigate the issue
of wettability, samples from two different multilayer systems—the resistant 2.0/2.0 and the
adhesive 3.5/7.5 PAA/PAH combinations—were first treated in various solutions, including
ethanol, normal and serum-free media, and PBS, in order to simulate the effects of the cell
experimental conditions. After being incubated in the solutions at 37°C for at least 7 days, the
samples from each multilayer set were rinsed with water and dried with compressed air, prior
to measuring their contact angles with water. Since a typical muitilayer-coated TCPS plate
used for in vitro cell experiments is exposed to a range of solutions—ethanol for sterilization,
nutrient media, and PBS for washing cells during media changes—it was deemed necessary to
determine how each different solution affected the wettability of the multilayer systems.

Figure 5.8 displays the advancing and receding contact angles with water for each
multilayer system after treatment in the various solution conditions. Several trends are evident
from these graphs, notably that: 1) usually regardless of the solution treatment, the advancing
contact angle of either multilayer with PAA as the outermost layer is less than that of one

ending with PAH, 2) the receding contact angles (indicative of molecular rearrangement at the
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surface) are always hydrophilic, considerably more than the advancing angles, and 3) in
general, the 2.0/2.0 PAA/PAH system has overall more wettable surfaces compared to the
3.5/7.5 PAA/PAH combination. Furthermore, it is apparent that different solutions used in the
cell experiments do indeed affect the wettability of the multilayers. The multilayers are only
exposed briefly to the ethanol and PBS (and never to the serum-free media in these studies
with living cells, because the cells require serum proteins for proper growth). Therefore, most
of the time the cells are exposed to the nutrient media, so the contact angles with the media
are likely the most appropriate criteria for judging the wettability of the films. While the
advancing angles are different, the receding contact angles on the films after the media
exposure are not too different between the two multilayer systems. Therefore, as expected,

wettability alone cannot explain the bioinertness of the 2.0/2.0 PAA/PAH combination.

a) 80 T —
70 + 1| 1I'“‘“‘ T "—""’_‘IPAA toﬁ&i@ancmg
= 60 S + ___OPAA top receding i
k) s lD PAH top advancing -
2 50 e =T 1| 01 PAH top receding !
s 40 i & |® PS advancing
QO If )
& IDPS receding !
€ 30
3
20
10
0 - ,
media PBS serum-
free media
80 1
b) 70 - R 'mPAA top advancing!
=~ fu PAA top receding :
° 60 - T ) '_1|:| PAH top advancing
S 50 | B S ) - I . . .—% |OPAH top receding
& ;i 1 5 '@ PS advancing j
*g 40 ¢ @ PS receding i
€ 30
Q
O 20 -
10 ¢
no ethanol media PBS serum-free
treatment media

Figure 5.8: Advancing and receding contact angles with water on: a) 3.5/7.5 and b) 2.0/2.0 PAA/PAH
multilayer films, treated in various solutions used in cell culture.
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While a single multilayer combination may exhibit different wettabilities depending
on whether PAA and PAH is the last layer deposited, the cells still generally behave the same,
although there may be some slight differences in the cell population. In fact, for all of these
cell studies, it has been observed that, regardless of the identity of the outermost layer for any
given PAA/PAH or other multilayer system, the NR6WT fibroblasts behave the same with
respect to cell attachment. For instance, there has not been any evidence of a PAH outermost
surface of a film being able to attract cells, while a PAA outermost layer was, on the contrary,
resistant to cell adhesion or vice versa. This result is quite intriguing, since the surface of a
multilayer can be enriched to be either predominantly cationic or anionic, more hydrophilic or
less hydrophilic, and possess different chemical groups altogether. As discussed in section
2.3, both a 3.5/7.5 and a 2.0/2.0 PAA/PAH film with a PAA surface are rich in unbound
carboxylic acids (COOH), as assembled. However, in buffered media at pH ~ 7.4, those
groups on each film would ionize to COO". If cell attachment were simply based on surface
charges, then it would be conceivable that cells would interact similarly on both of the
multilayer systems. On the contrary, the cell behavior could not be more different—the
NR6WT fibroblasts are clearly adhesive to either PAA or PAH surfaces of 3.5/7.5 multilayers
yet are unable to attach to either outermost surface in 2.0/2.0 films. Thus, these cell adhesion
studies suggest that it is apparently not simply a surface charge or wettability effect of
polyelectrolyte multilayers that governs cell attachment, but that the cell interactions are also
dependent on the additional features of the multilayer film as a whole. Such properties would
include the roughness and topography, swellability, and the protein adhesiveness of the

multilayers.

5.4.3 Roughness and Topography

Another important issue related to biocompatibility is the surface roughness and
overall topography of the multilayer thin films. Like wettability, the role of roughness in
promoting or preventing cell attachment is inconclusive and subject to much debate.
However, it is well known that, for orthopedic applications, using metallic implants with
roughened or textured surfaces helps induce bone cells to adhere to the device; such bony
ingrowth beneficially anchors the implant into place with the existing tissue.” Furthermore,

there have been numerous investigations into how cells respond to a variety of different
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topography in the form of grooves, channels, pits, ridges, steps, and so forth.>'*’ These
features were usually made via plasma processing, etching, or other photolithographic
processes on generally hard materials (e.g., quartz, glass, metals, and sometimes plastics) but
only rarely on softer hydrogel or implantable-type polymers. Although many different cell
types have been used for these studies, thus complicating the analysis, cells generally tend to
clearly detect and respond to these topological features, by, for example, showing preference
in aligning with grooves or ridges and modifying their migration according to such
features.”** Of all of these different studies, there really has not been any evidence of cells
being prevented from attaching at all simply due to “synthetic” topography and geometry.
Moreover, the roughness in all of these cases is on the order of microns, which is substantially
more than what is observed even for the roughest polyelectrolyte multilayers (which is
hundreds of angstroms at most, since most films are usually < 1000 A as prepared).
Therefore, the ability to draw conclusions from research conducted with significantly rougher
and harder materials in predicting the role of roughness in the cell response for multilayers is
limited.

It should still be noted, however, that roughness may still have some role when just
comparing the cell response between different multilayer systems. Interestingly, all of the
bioinert cases (e.g., 2.0/2.0 PAA/PAH, 10.0/10.0 SPS/PAH, and SPS/PDAC with added salt)
possessed higher dry RMS roughness values than their cell adhesive counterparts assembled
from the same polyions under conditions that yielded fully ionized layers. According to Table
2.2, which presented many of the different multilayer assemblies whose cell responses have
now been presented, the highest dry roughness values stated there are associated with those
multilayer systems exhibiting bioinertness. Not surprisingly, the cell adhesive systems (except
for the case of the 3.5/7.5 PAA/PAH) all possess ultrathin layer conformations, due to their
high cooperative ionic stitching and thus relatively smoother surfaces. One notable study
concerning the inflammatory fibrous encapsulation response (as discussed in section 1.1) to
the common polymeric implant material polyethylene revealed that the fibrous capsule was
significantly thinner on the roughest surfaces compared to on the smoothest ones.** However,
even the roughest surfaces still promoted the inflammatory ceil response to some degree and
displayed numerous attached ceils but usually fewer than on smoother surfaces. It should also

be emphasized that the “high roughness” samples in this study had RMS roughness values of
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10-50 pm, while smooth samples had values < 10 um.** Hence, since the order of magnitude
of the roughness in this and many other studies is considerably higher than that exhibited by
even the roughest multilayers, direct comparisons of the results are difficult. Setting the order
of magnitude differences aside, the roughest polyethylene and the roughest multilayer
samples were agréeable in reducing or eliminating altogether cell attachment.

The pH-induced porosity phenomenon detailed in Chapter 3 furthermore provides
intriguing results related to the issue of roughness. In fact, once made porous into either type
of morphology (i.e., percolating nano/microporous or discrete structures), 3.5/7.5 PAA/PAH
films actually change from being cell adhesive to being cell resistant. Figure 5.9(a) presents
an image of a nonporous 3.5/7.5 PAA/PAH film, which as also previously seen in Figure 5.2
is cell adhesive, while Figure 5.9(b) shows a cell resistant 3.5/7.5 film after undergoing the
porosity transformation. In general, any porosity treatment discussed in Chapter 3,

independent of time or temperature, tends to yield relatively bioinert films.

Figure 5.9: Phase contrast photographs of NR6WT fibroblasts seeded onto: a) nonporous and b)
porous 3.5/7.5 PAA/PAH multilayers. Nonporous films readily attract cells, whereas porous films,
which presumably swell much more, resist cell attachment. ( w—m = 200 pm)

While there are some chemical changes associated with the bond breaking and
reformation during the spinodal decomposition, a major difference between a nonporous and a
porous 3.5/7.5 PAA/PAH multilayer is its overall surface roughness. Nonporous films exhibit
dry RMS roughness values generally in a broad range of ~ 20--50 A, compared to porous
films having dry roughnesses of several hundred angstroms, as seen in section 3.3.5. Of
course, it should be emphasized that what truly matters in terms of cell adhesion is not so
much the dry RMS roughness values of a surface in air but rather the film’s topology in the

cell media; this issue is captured by the swellability and hydration of the multilayer. Thus,

119



discussing “dry” roughness, in terms of RMS values and feature topography, is much less
meaningful than investigating the amount of swelling in a buffered fluid environment. Thus,
since all of the in vitro cell experiments were performed under physiological buffer conditions
(pH ~ 7.4, with an ionic strength ~ 0.15 M), the swelling of the multilayers in such
environments is quite important for understanding cell adhesion behavior. Section 5.4.5 will
address this issue in more detail and reveals that multilayers with higher degrees of swelling
and hydration are cell resistant. By analogy, porous multilayers, which would be expected to
swell more in fluid than their nonporous counterparts, are similarly bioinert. Quite
advantageously, this observation that nano/microporous films are resistant to the attachment
of this highly adhesive fibroblast cell line would certainly prove vaiuable in creating bioinert
membranes and other porous coatings, which would therefore not succumb to undesirable,

nonspecific cell attachment.

5.4.4 Protein Adhesiveness

From section 4.3, it was presented that both the cell-resistant 2.0/2.0 and the
nonporous adhesive 3.5/7.5 PAA/PAH multilayers attracted two model proteins, lysozyme
and fibrinogen. Again, it was argued—based on the many other previous investigations in the
multilayer literature, which demonstrated how virtually any protein could adsorb onto many
different types of synthetic polyelectrolytes to assemble films—that the 2.0/2.0 and 3.5/7.5
PAA/PAH systems would be predicted to be protein adhesive, as well. Usually, however,
since cell attachment is mediated via proteins (e.g., integrins and adhesion molecules),*
conclusions are drawn between a material’s ability to be protein resistant and potential to be
cell resistant, and vice versa. Nevertheless, this correlation tends to be much more
complicated than just a direct implication of one type of resistance or adhesiveness
necessitating the other. Recent studies examining SAMs of alkanethiols terminated with a
variety of chemical groups, some of which were protein resistant, showed no obvious
correlation with subsequent cell experiments.*

Several factors including the type and amount of proteins adsorbed, competition
between serum proteins, the strength of protein binding, and the conformation of the adsorbed
proteins, all impact the ability of a surface to either prevent or encourage cell attachment.

Thus, the fact that 2.0/2.0 PAA/PAH films are apparently protein adhesive yet cell resistant is
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not necessarily contradictory. Instead, any attached proteins in the cell culture media
presumably may adsorb to the 2.0/2.0 films in conformations not preferable for promoting
subsequent cell adhesion. In fact, some modified SAMs have been reported to bind significant

t,36

amounts of fibrinogen yet remain essentially cell resistant,” an observation found with the

2.0/2.0 PAA/PAH combination as well.

5.4.5 Swelling Studies

As stated in section 5.4.3, the issues of film swelling and hydration are more
meaningful in understanding cell adhesion than just dry RMS roughness values. It was noted
in section 4.3 that both 2.0/2.0 and 3.5/7.5 PAA/PAH multilayers exhibited swelling in the
PBS buffer during the SPR analysis. In fact, 2.0/2.0 films displayed a larger SPR angle
decrease, indicative of a larger refractive index lowering and thus more swelling, compared to
that of the 3.5/7.5 films. A more quantitative swelling analysis was then performed on similar
samples by studying the films with fluid-cell AFM measurements. By profiling the depth of a
scored line made in the film from its surface down to the hard silicon substrate, it was
possible to profile the changes in film thickness both in dry conditions in air and in fluid
conditions under the same PBS buffer used in cell experiments. A 20-layer 3.5/7.5 film,
representative of what is typically used in the cell culture experiments, swelled from its
original thickness of ~1200 A to just ~1350 A. In contrast, a 20-layer 2.0/2.0 PAA/PAH
multilayer, with an initial thickness of ~500 A immediately swelled to ~2000 A, a swelling of
4 times, which is substantially more than the marginal swelling observed in the 3.5/7.5 case.
Thus, it appears its overall hydrophilic, loop-rich, swellable, and highly non-ionized (as
assembled) attributes may govern the bioinertness of the 2.0/2.0 films. Neutron reflectivity
analysis has also been performed on a variety of PAA/PAH multilayers, including the 6.5/6.5
PAA/PAH system as well as the 3.5/7.5 and 2.0/2.0 cases. Preliminary results also seem to
support the notion that the cell resistant 2.0/2.0 system swells moere than the other adhesive
PAA/PAH films.

While multilayers are often considered to be highly hydrated films, the degree of that
hydration and swellability is certainly variable. Thus, upon exposure to buffered physiological
saline (PBS at pH ~ 7.4), the 2.0/2.0 PAA/PAH combination experiences a much greater

degree of hydration and swelling. As stated previously and as confirmed from FT-IR and
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methylene blue adsorption experiments, the COOH-rich (both internally and on the surface)
2.0/2.0 films become highly ionized. Since the overall structure of 2.0/2.0 films would then be
dominated by a high density of COO~ groups, presumably these ions would start to repel each
other and rapidly drive the structure to swell in an attempt to separate those abundant
repulsive charges. Clearly, the AFM swelling results confirm the concept that highly ionically
crosslinked structures (e.g., the 3.5/7.5 case) would not swell as much as lightly crosslinked
structures (e.g., the 2.0/2.0 case) that possess many free ionizable groups, which could then
repel one another under highly charged conditions.

By analogy, the other bioinert multilayers have one polymer with a low charge density
as assembled; upon exposure to a buffered physiological environment, the numerous similarly
charged groups (e.g., charged amines in the case of SPS/PAH 10.0/10.0) would ]ikewise repel
each other and induce substantial film swelling. Such significant hydration and swellability
could then resemble the inherent characteristics of the well-known protein and cell resistant
material PEO."' Interestingly, unlike many other multilayers, the 3.5/7.5 PAA/PAH system,
which swells substantially at acidic conditions of pH ~ 2.4 during the porosity-inducing phase
separation, is cell resistant only after becoming porous. The much increased roughness and
potentially greater ability to swell renders the porous 3.5/7.5 films bioinert as compared to
their nonporous precursor films, as shown in section 5.4.3.

Although bioinert multilayers, as measured by the representative 2.0/2.0 PAA/PAH
system, do allow some protein adsorption, the high hydration of such films does not enable
the attached proteins from the cell culture media to exist in conformations that encourage
subsequent cell adhesion. Having such a swellable, water-rich surface would likely not allow
proteins to denature in order to support cell adhesion. From the cells’ perspective, the proteins
essentially appear to be dissolved in the buffer rather than be anchored and denatured on a
surface, which would be necessary for promoting cell attachment. Consequently, while the
cell resistant multilayers do attract proteins to some degree, their highly hydrated films are

still able to prevent noticeable mammalian cell attachment.

5.5 Conclusicn and Future Work

This chapter has surveyed the interaction of a model highly adhesive fibroblast cell

line to a wide range of polyelectrolyte multilayers, assembled under many different deposition
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conditions. The resulting thin films exhibit varying thicknesses, roughness values, layer
conformations, wettability, and the number and fraction of free/unbound and paired ionic
groups. Correspondingly, the cells display different behavior in terms of attachment,
spreading, and population growth depending on the multilayer surfaces. In general, the cells
readily attach, spread in area, and proliferate on the multilayer assemblies, similar to that
which is observed on a known adhesive TCPS control. However, as presented in this chapter,
there are numerous counterexamples showing how the cells do not easily adhere to certain
multilayer compositions. Quite surprisingly, the findings discussed here reveal that, via the
nanoscale control over thin film properties that is afforded by the polyelectrolyte multilayer
process, it is possible to actually fine-tune a surface—even if made from the same polyion
combination—to be either highly cell adhesive or cell resistant. This is the first report stating
that it is possible to direct the constituent polymers assembled into a thin film to exhibit a
range of cell responses. According to the biomaterials literature, many of the polymers used
here—PAA, PMA, and PAH—are often viewed as being cell adhesive. However, this chapter
clearly identifies the fact that in the case of multilayers, it is not simply an issue of whether or
not the individual constituent polymers are inherently resistant or adhesive; rather, it is
important to consider how those polymers are blended together, especially in terms of the
interrelated issues of the film conformation, the ionic crosslink density and fraction of
unbound ionizable groups, and the swellability and hydration.

All the bioinert polymer systems consisted of at least one polyion possessing a high
degree of non-ionized, unpaired groups in the as-prepared multilayer. These resistant films
were consequently more loop-rich and rougher in general compared to their cell adhesive
counterparts. For comparison purposes, two specific multilayer conditions—the 3.5/7.5 and
2.0/2.0 PAA/PAH systems—were studied more in depth, especiaily with regard to their
protein adhesion, as seen in Chapter 4, their wetiability after being processed in a variety of
solutions to mimic physiological cell culture conditions, and their in situ film swelling under
PBS. While wettability and protein adhesion characteristics were not such obvious indicators
of preventing or promoting cell attachment, the swelling studies did show a drastic difference
in the behavior of multilayers under physiological fluid environments. The bioinert 2.0/2.0
case swelled by 4 times its initial height in the physiological buffer, whereas the 3.5/7.5

system barely swelled at all. These results seem to also suggest that the more open 2.0/2.0
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films, having a much weaker ionic stitching character, can more easily hydrate and swell in
other fluids such as the cell media. In contrast, the 3.5/7.5 PAA/PAH multilayer, possessing a
tightly ionically paired architecture, could presumably not hydrate and swell as much as a less
strongly stitched film. By analogy, it is believed and fairly obvious, based on thickness
measurements and bonding data, that other cell adhesive and cell resistant multilayers
similarly possess structures with more or less tightly ionically stitched conformations.

Certainly, however, much more work is needed to confirm the findings presented here.
The in situ swelling studies and protein analysis studies using the SPR method were
performed only on the 3.5/7.5 and the 2.0/2.0 PAA/PAH systems, as already well-
characterized representatives of cell adhesive and bioinert multilayers, respectively. The
extension of these important studies to other systems is necessary in order to confirm the
general presumption that loop-rich, partially ionized films swell more than their highly
ionized and smoother counterparts.

In addition, further in vitro cell studies, including cell adhesion strength assays, cell
migration studies, and cell function assays (e.g., measuring the amount of protein synthesis on
various multilayers) are needed to fully elucidate the biocompatibility of polyelectrolyte
multilayers. Long-term in vitro, as well as in vivo animal, studies are similarly necessary to
determine the extent of the bioinertness, since for medical applications, continuous resistance
to nonspecific fouling from cells and the reduction or prevention of fibrous encapsulation is
obviously desirable. In fact, one of the major problems with PEO materials is their poor long-
term performance in vivo.’® Already, preliminary results have demonstrated the ability of
PAA/PAAm films to remain cell resistant for several weeks; such experiments should be
performed for other bioinert multilayer combinations.

Ideally, as discussed in Chapter 1, the bioinert multilayers presented here can serve as
the cell resistant background, which simultaneously prevents nonspecific cell attachment yet
promotes specific cell or protein adhesion via engineered ligand presentation. While some
multilayers presented in this chapter (e.g., PAA/PAH or SPS/PAH deposited at pH 6.5/6.5
conditions) are adhesive, the observed cell attachment is nonspecific and therefore
uncontrolled. Consequently, although these adhesive multilayers allow cell attachment, these
films would not be such desirabie candidates for biomaterials possessing controlled

interactions with cells, which is an important demand. Instead, specific cell adhesive protein

124



sequences, such as the common RGD (arginine-glycine-aspartic acid) tripeptide, could be
incorporated onto an inert multilayer background. The resulting composite bioinert and cell
adhesive materials could be patterned or organized with micron-scale precision for various
tissue engineering, cell array, or biosensing applications. A simple, large-scale example of
patterning cells using multilayers, Figure 5.10 presents a cell adhesive TCPS dish that was
half-coated with cell resistant PAA/PAAm multilayers. As the figure shows, the cells readily
adhere to the untreated TCPS side but remain unattached and floating on the inert multilayer

side.

Figure 5.10: Phase contrast photograph of NRG6WT fibroblasts seeded onto a TCPS dish half-coated
with bioinert PAA/PAAm multilayers; the cells only attach onto the adhesive TCPS side (left side),
but not on the cell resistant multilayer half (right side). ( S—= 250 um)

Considering the chemistry of the bioinert multilayers, it is clear that the films contain
many free, unbound functional groups. For example, SPS/PAH films at 10.0/10.0 and
PAA/PAH films at 2.0/2.0 abound in free amines and free acids, respectively. These groups
provide numerous chemical sites whereby synthetic reactions could occur to even further
modify the multilayers. Therefore, through rather straightforward chemistry, it is possible to
tether RGD or other peptide sequences in order to selectively attract cells. Thus, for instance,
not only is the 2.0/2.0 PAA/PAH system beneficially cell resistant but it inherently possesses
a rich density of reactivity sites for further biochemical ligand modification. The ability to
pattern multilayers”’ in much smaller dimensions than those presented in Figure 5.16 via
photolithography, microcontact printing/stamping, inkjet printing, or other standard

techniques, is currently underway. Already, there are promising results showing how RGD
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can be selectively patterned into features (e.g., lines, circles, or other intricate shapes) with a
resolution of ~ 50 um. Such patterning is accomplished by only “activating” a precisely
determined area of free chemical groups, which are subsequently reacted to tether RGD or
another desired biomolecule.

In summary, this chapter has identified how polyelectrolyte multilayers may be tuned
through the manipulation of pH and/or ionic strength conditions to be either highly cell
adhesive or cell resistant. The inherent swellability and hydration characteristics of weakly
ionized multilayers under physiological buffer conditions explain the bioinertness exhibited
by those multilayer systems. Wettability and protein adsorption experiments were useful yet
not extremely enlightening issues, relative to the swelling data, for determining the
mechanism of cell resistance. Moreover, presumably serum proteins do adsorb onto even the
hydrated cell resistant multilayers but remain in non-denatured conformations, which are
unable- to support cell attachment. The additional ability to then pattern those cell resistant
films with biomolecular ligands further supports the rationale of using such thin film

multilayer coatings as bio-interface materials.
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Chapter 6:
Conclusions and Outlook

6.1 Thesis Summary and Outlook

This thesis has attempted to explore the rationale of using polyelectrolyte multilayer
thin films as biomaterials. As examples of nanostructured polyelectrolyte complexes,
multilayers follow a history of such complexes being used as coacervations and films for cell
and protein encapsulation, membranes, and other biomedical coatings. While the field of
polyelectrolyte multilayers is growing at a significant rate, only a few studies have examined
their potential as implantable biomaterials. Many investigations have already shown the
possibility of using such thin films as biosensors, since a variety of enzymes or other proteins
may easily be formed into layers with synthetic polyions. Controlled release therapies also
seem promising, especially from the fact that substrates of any size, shape, or type—colloids,
nanoparticles, cells, and drug crystals—may be coated with muitilayers.

Two major areas were presented in this thesis—1) the discovery and investigation of a
unique pH-induced phase separation which yields micro- and nanoporous thin films' and 2)
the interactions of polyelectrolyte multilayers with proteins and with mammalian cells. The

first topic dealt with a pH-driven spinodal decomposition, which occurs on potentially many
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different multilayer systems at a transition pH dependent on the pK, values and assembly
conditions of the constituent polyions. As a model system, the 3.5/7.5 (or 3.5/7.75) PAA/PAH
combination was discussed in terms of the processing variables used to induce the porosity
and how the resulting film thickness, refractive index roughness, and morphology could be
modified. The study identified two distinct porous structures achieved by controlling the time,
temperature, and rinsing conditions—1) a percolating, interconnected nano- or microporous
morphology deveioped at shorter processing times, cooler temperatures, and without neutral
water rinsing, and 2) a discrete, circular throughpore morphology obtainable rapidly in acid at
elevated treatment temperatures or instead developed when any initially acid-exposed porous
film was immersed in neutral water for several hours.

A bond breaking and reformation mechanism was proposed that serves to reorganize
the multilayer, which is presumably ionically stitched in highly intermingled conformations
without significant coordinated charge pairing. By exposure to the acidic water, the film could
rearrange into a more cooperatively stitched, and thus more favorable, architecture. The
observation that all films, if immersed in neutral water for at least one hour, developed
smoother surfaces with many discrete throughpores generally having smaller pore sizes
relative to the initial porous morphologies suggests that such a discrete-pore containing
structure is highly favorable. The reduction of the high surface energy due to the large amount
of additional surface area created from the pores helps to explain this ultimate secondary
reorganization.

Further investigations were deemed necessary to confirm the mechanism of the
spinodal decomposition and to develop a free energy model to help explain the porosity
transformation. Other issues, including the use of ionic strength and surfactants to induce the
porosity at pH conditions other than at pH ~ 2.4, should be examined. Studying the
permeability and transport properties of such porous thin films is also a necessity. Finally,
these nano- and microporous multilayer thin films shouid be investigated for their potential in
biomedical applications. Such tailorable porous coatings may greatly enhance the current
membrane®’ as well as the drug delivery and controlled release®'® performance of multilayer
thin films. Furthermore, the findings described in this thesis uniquely identified, for the first

time, the ability to systematically introduce nano- and/or micropores into multilayer coatings,
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surely a useful contribution to the field of polyelectrolyte multilayers as a whole and
specifically for potential biomaterial, optical, microelectronic, and membrane applications.

The second major topic of this thesis examined how polyelectrolyte multilayers
interact with both proteins and cells, an essential issue for determining the biocompatibility of
multilayer thin films. Remarkably, even subtie changes in the chemistry and structure of the
thin films resulted in dramatic differences in the attachment and preliferation of a model
highly adhesive mammalian fibroblast cell line. In addition, this thesis importantly revealed
that simple changes in the molecular-level processing alone of otherwise reportedly always
cell adhesive polyions (e.g., PAA and PAH) may result in powerful differences in the cell
response to the multilayers assembled from them. Interestingly, for every multilayer
combination, there was no observable difference in the overall cell response with respect to
the identity of the outermost film layer, suggesting the fact that the chemical and physical
nature of the entire film structure, not just the surface, governs the interaction of cells with a
multilayer.

While there had been several previous cell studies with multilayer assemblies, this
thesis uniquely and importantly conveyed how the cell response depends upon the underiying
multilayer molecular architecture, an issue not previously investigated. By understanding and
manipulating the structure of the thin films, it was possible to not only advantageously create
bioinert surfaces, which are essential aspects of current biomaterials research, but also to
engineer a single multilayer combination to be either cell adhesive or cell resistant.
Previously, several studies have shown how the wettability, film thickness, and layer
conformation of weak polyelectrolyte multilayers, in particular, may be readily and
systematically controlled by adjusting simple processing parameters, such as the pH of the
polyion solutions.'"'? By analogy, this thesis has revealed that controlling the assembly pH
and ionic strength conditions enables the design of tunable cell-interactive multilayers.
Furthermore, with such an approach as demonstrated here, it should be possible to identify
numerous other cell adhesive and cell resistant multilayer combinations simply by
manipulating the underlying molecular architecture.

In Chapter 5, an argument was made that all of the bioinert polymeric systems were
able to swell substantially more than the adhesive films; this hypothesis was verified by

examining, with fluid cell AFM measurements, the in situ swelling behavior of the 2.0/2.0
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and 3.5/7.5 PAA/PAH multilayers, which represented the case of a bioinert and a cell
adhesive system, respectively. As predicted, a 2.0/2.0 PAA/PAH film immediately swelled
substantially more than a 3.5/7.5 PAA/PAH film in physiological buffer, confirming the
concept that weakly ionically crosslinked multilayers are able to swell significantly in buffer
and cell media, while more tightly ionically stitched films are not. This high degree of
swelling and its associated hydration render bioinert films to be highly water-rich surfaces.
Although proteins may bind and interact with the hydrated bioinert multilayers, the
mammalian cells do not perceive those proteins as being able to support cell adhesion. In
essence, from the cells’ perspective, the proteins appear to be dissolved in the buffer rather
than be anchored and denatured on a surface in order to allow subsequent cell attachment.

Although there has been significant progress in identifying both cell adhesive and cell
resistant multilayer systems, certainly more work is needed to verify these findings, especially
to confirm the prediction that other weakly ionically crosslinked multilayers, besides the
2.0/2.0 PAA/PAH combination, exhibit a high degree of swelling and hydration. Studying the
molecular conformations of proteins on various multilayer surfaces would also be valuable in
elucidating the mechanisms by which proteins can interact with and attach to cell resistant
multilayers yet to which cells cannot.

In vitro cell culture studies have already demonstrated some of the fundamental
biocompatibility issues of multilayers with a highly adhesive fibroblast cell line. Additional in
vitro studies, such as cell migration, cell adhesion strength assays, and cell function assays
(e.g., protein or extracellular matrix (ECM) synthesis) would be quite useful. Eventually, in
vivo animal studies would be necessary to test the performance of such films under living
conditions and reveal the capability of cell resistant multilayers to exhibit long-term
bioinertness. Incorporating biodegradable polymers, which controllably resorb over time
under physiological conditions, into bio-interfacing multilayers is yet another consideration,
especially for tissue engineering applications and devices.

Muitilayers should also be investigated for their ability to resist bacteria, not just
mammalian cell attachment. The ability to resist bacterial adhesion as a means by which to
reduce infection both in medical implants and in human habitats and surroundings is a major
demand in public health'*'®; if certain antibacterial agents, such as silver ions,'* nitric oxide,"

and even certain polycations and polyanions'> were assembled into multilayers, then the
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resulting films could easily conformally coat and beneficially render, via simple aqueous-
based deposition processes, virtually any surface to possess antibacterial qualities.

Given its simplicity, versatility, nanoscale control, and the ability to create conformal
coatings on materials of any size or shape as well as the potential to tune the adhesion of cells,
the multilayer deposition of polyelectrolytes may inspire a new process to make bio-
interactive surfaces. Tailorable, pre-designed features, ranging from the film roughness to the
wettability to the number of available free charges all may easily be manipulated in
fabricating polyelectrolyte multilayers. These attributes enable polyelectrolyte multilayers to
be highly promising candidates for biomaterials. In addition, many fundamental issues
regarding how the body’s cells and proteins perceive and interact with synthetic biomaterials
are still elusive; perhaps the advantages in assembling coatings with controlled chemical and
physical attributes will enable multilayers to be an ideal system for investigating and helping
to understand general cell-biomaterial interactions.

The capability to present onto bio-inert multilayers a variety of cell-adhesive
biomolecules, such as fibronectin or the RGD amino acid sequence, via several different
approaches should also expand the versatility of polyelectrolyte multilayers for bio-interface
materials. Such micropatterning of cell-adhesive and -resistant features on a surface should
provide opportunities for making controlled implant surfaces, cellular networks and arrays, as
well as biosensors. Furthermore, because the polyelectrolytes used to assemble muitilayers are
in solution, the polymers are able to flow into tiny, intricate geometries, such as, for example,
the common medical devices of cardiovascular stents and synthetic blood vessel prostheses;
multiiayers could then easily be created to fabricate conformal bioactive coatings with highly
tailorable structural features as well as predictable, favorable interactions with living cells.
Ultimately, fibrous encapsulation and inflammatory tissue responses would hopefully be
abated as undesirable cells would not be able to adhere to the multilayer-coated implants. In
these cardiovascular implant examples, rather than fibroblasts or inflammatory cells,
endothelial blood vessel cells could instead be directed via appropriate signaling ligands and
growth factors to interact favorably and controllably with the implant. It should be reiterated
that certain wettable multilayers are now being used to coat some types of contact lenses.

These contact lenses are among the first commercial products developed using polyelectrolyte
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multilayer technology and further suggest the overall biocompatibility of such nanostructured
coatings.

Overall, polyelectrolyte multilayers should greatly expand the possibilities for
controlling ceil-biomaterial interactions and producing micro- and nanoporous materials. By
manipulating the molecular architecture of multilayers, particular those films assembled from
weak, pH-dependent polyelectrolytes, this thesis has revealed how it is possible to develop
multilayers with controlled porosity and tunable cell interactions. Furthermore, with the

versatility of this technique, it is possible to assemble complex heterostructured multilayer

thin films composed of: synthetic polyions that may be conductive or electroactive'®'’;

nanoparticles (e.g., silver)'® or polyelectrolytes that may be inherently antibacterial;
biopolymers, such as enzymes that have bio-sensing capabilities'>’; as well as cell-resistant
(e.g., PAA/PAAm or 2.0/2.0 PAA/PAH) components, all of which may be micropatterned.
The release of drug or other therapeutic agents is also viable. Thus, their unique ability to be
tuned to be either cell adhesive or resistant, together with the pH-induced porosity, enables
polyelectrolyte multilayers to be envisioned as a new nanoscale-processed alternative for

effectively engineering bio-interfaces.
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