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ABSTRACT

Human pluripotent stem cells (hPSC) self-renew and differentiate extensively, bringing
unprecedented opportunities for research in the field of regenerative medicine. To tap into such
potential, the development of biocompatible polymer brushes as human stem cell culture platforms
that closely mimic the biological milieu is vital to grow these cells in vitro. This dissertation
focuses on developing biomimetic zwitterionic sulfobetaine polymer brush systems with tunable
material properties, in relation to hPSC adhesion and proliferation. For this purpose, chemical
vapor deposition (CVD) polymerization was first used to obtain functionalized substrates,
followed by “grafting-from” and “grafting-to” methods to graft polymer brushes on these
substrates, encompassing controllable thickness, wettability, and surface roughness.

Alkyne functionalized coatings prepared by CVD polymerization were generated to introduce
reversible addition-fragmentation chain transfer (RAFT) agents with a clickable azide group via
metal-free click reactions. Biomimetic polymer brushes, poly[2-(methacryloyloxy)ethyl dimethyl-
(3-sulfopropyl) ammonium hydroxide] (PMEDSAH), were grown from these surfaces using a
“grafting-from” approach to obtain polymer brushes up to 20 nm thick, and surface roughness of

3.6 nm possessing high wettability were achieved.

Further, for the first time, a modular molecular polymer brush system called interfacial Gemini
transformers (IGT) containing a central benzaldehyde group flanked by zwitterionic sulfobetaine
polymer segments on either side were designed and synthesized for the growth of human
embryonic stem cells (hESC) in vitro. They were immobilized on functional coatings made via
CVD polymerization using a “grafting-to” approach. IGTs with different molar masses exhibited
tunable surface thickness and surface charge. These IGT-modified substrates were suitable for the
adhesion and subsequent proliferation of hESC in an undifferentiated state. In addition, spatially
controlled immobilization of IGT using microcontact printing on substrates coated with reactive
functional coatings resulted in controlled protein deposition with spatiotemporal control. Thus,
biomimetic zwitterionic polymer brush systems were developed to be used for biomedical
applications and regenerative medicine due to their unique structure-property relationship and

scalability potential.
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KURZZUSAMMENFASSUNG

Humane pluripotente Stammzellen (hPSC) besitzen die Fahigkeit zur Selbsterneuerung und
konnen dariiber hinaus in alle moglichen Zelltypen differenzieren. Aus diesen Griinden bieten
hPSCs beispiellose Anwendungsmdglichkeiten auf dem Gebiet der regenerativen Medizin. Die
vollstandige Ausnutzung dieses Potenzials erfordert neue Techniken der in vitro Kultivierung um
Kontrolle Uber Differenzierung und Proliferation der Zellen zu erhalten. Zu diesem Zweck
kommen unter anderem biokompatible Polymerbeschichtungen als Kulturplattformen zum
Einsatz, welche das native Milieu der Zellen so gut wie mdglich nachahmen sollen. Diese
Dissertation konzentriert sich auf die Entwicklung entsprechender biomimetischer
Polymerbeschichtungen auf Basis von Sulfobetainen, welche abstimmbare Materialeigenschaften
in Bezug auf hPSC-Adhasion und Proliferation aufweisen sollen. Dazu wurde zunéchst die CVD-
Polymerisation (Chemical Vapor Deposition) angewendet um funktionalisierte, reaktive Substrate
zu erhalten. Diese wurden im Folgenden mittels "grafting-from™ und "grafting-to” Methoden
modifiziert, um Polysulfobetain-schichten auf diesen Substraten anzubringen, welche eine

Kontrolle im Hinblick auf Schichtdicke, Benetzbarkeit und Oberflachenrauhigkeit erlauben.

Mittels der CVVD-Polymerisation wurden Alkin-funktionalisierte Beschichtungen hergestellt,
um anschlieBend ein RAFT-Agenz (Reversible-Additions-Fragmentierungs-Ketteniibertragung)
mit einer klickbaren Azidgruppe Uber eine metallfreie Klickreaktionen anzubinden. Aus diesen
Oberflachen wurden biomimetische Polymerbeschichtungen, bestehend aus Poly[2-
(Methacryloyl-oxy)ethyldimethyl-(3-sulfopropyl)ammoniumhydroxid] (PMEDSAH) mittels
eines “"grafting-from"-Ansatzes hergestellt. Dadurch konnten Polymerbesichtungen mit einer
Schichtdicke von bis zu 20 nm und einer Oberflachenrauhigkeit von 3,6 nm mit hoher

Benetzbarkeit in kontrollierter Art und Weise hergestellt werden.

Darlber hinaus wurde erstmals ein modulares, molekulares System zur Polymerbeschichtung
mit dem Namen Interfacial Gemini Transformers (IGT) entwickelt um das Wachstum humaner
embryonaler Stammzellen (hESC) auf kinstlichen Substraten zu ermdglichen. Dabei handelt es
sich um Makromolekdle, bei denen eine zentrale Benzaldehydgruppe auf beiden Seiten von
zwitterionischen Polysulfobetainsegmenten flankiert wird. Diese Segmente wurden nach ihrer

xviii



Synthese auf funktionellen CVD-Beschichtungen mittels einer "grafting-to"-Methode
immobilisiert. Die resultierenden Schichtdicken und Oberflachenladungen konnten Uber die
Molmassen der IGTs gesteuert werden. Diese IGT-modifizierten Substrate waren fiir die Adhdsion
und anschlieBende Proliferation von hESC in einem undifferenzierten Zustand geeignet. Dartiber
hinaus flihrte die raumlich kontrollierte Immobilisierung der IGTs mittels Mikrokontaktdruck zu
einer entsprechenden raumlich definierten Proteinabscheidung auf CVD-modifizierten Substraten.
Somit wurden biomimetische, zwitterionische Polymerbirstensysteme entwickelt, welche
aufgrund ihrer einzigartigen Beziehungen zwischen Struktur und Materialeigenschaften und ihres
Skalierbarkeitspotenzials fiir die Bereiche Biomedizin und Regenerative Medizin ein hohes

Anwendungspotential besitzen.
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CHAPTER 1 INTRODUCTION

Human pluripotent stem cells (hPSC) can be expanded indefinitely in culture while
maintaining the ability to differentiate to all specialized cell types in a manner that parallels aspects
of human development.’ Consequently, hPSC offer the opportunity for numerous biomedical
applications and to advance the development of cell-based therapies.*® By 2025, the global stem
cell market is estimated to reach $15.6 billion, up from $5.2 billion in 2016.6 However, these
applications require large numbers of hPSC-derived cells of high quality.® For example, in cell
transplantation, ~10° cardiomyocytes are required for treating myocardial infarction, ~10° insulin-
producing B cells for type | diabetes mellitus, and ~10*° hepatocytes for hepatic failure.” To obtain
these large numbers of cells, there is a need to develop simple, efficient, defined, scalable, and
good manufacturing practice-compatible culture systems for cell proliferation and harvesting in
vitro.” The systems must show ease of use and potential scalability, in order to make them suitable

for numerous technological applications from the laboratory towards the clinic.

However, to date, high-yield expansion of hPSC has not been possible. Currently, there is a
lack of robust, scalable technologies for manufacturing the quantities of cells anticipated to be
required for widespread patient access. While large-scale manufacturing of other mammalian cells
in bioreactors using industrial processes have been widely demonstrated, high-yield-expansion of
hPSC has not been reported. Our limited understanding of process related risks such as cell
transformation, that influence hPSC production processes, restrict the strategies at our disposal for
resolving these technology gaps.® Clinical adoption of stem cells for therapeutic applications is
hindered by the availability of culture systems that lack animal products, leading to a host of
immunogenic concerns. Furthermore, ideal cell culture substrates would be generated from
scalable processes, be compatible with sterilization techniques, display long-term stability, have
compatibility with multiple stem cell lines, be relatively inexpensive, and maintain stem cell

pluripotency during long-term expansion.®
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Surface modification processes
with polymer brushes

Ll

Free
Radical

“grafting-from” | “grafting-to”

Polymer Brush
Structure-Function
Relationship

Dy Wb

Cell Culture Substrates

Ml

Figure 1.1: Dissertation outline. Biomimetic polymer brushes are synthesized by free radical
polymerization and reversible deactivation radical polymerization processes. The surfaces
are characterized, and the structure and function of the polymer interfaces are probed.
Tunable zwitterionic polymer brushes are then used as model systems to examine the roles
of polymer brush architecture and interfacial properties on human pluripotent stem cell-
biomaterial interactions.
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The aim of this dissertation was, therefore, to develop a chemically defined, scalable and good
manufacturing practice-compatible two-dimensional (2D) culture platforms for hPSC expansion
in vitro and to characterize the interfacial properties of these substrates as schematically
represented in Figure 1.1. The engineered substrates had to meet the following requirements:

1. The substrate material developed needs to be consistent, defined, biocompatible, free of

xenogeneic components and mimic cell culture environments.
2. The cell culture substrates should be easy to scale up, reproducible and safe.

3. The cell-surface interactions should be understood in detail to optimize defined culture
conditions to support hPSC self-renewal. To elucidate the role of the biomaterial on hPSC
culture, the physicochemical properties like structure, topography, wettability and

elasticity should be tailored.

4. They should maintain and expand the cells in the pluripotent state, and should have the
ability to direct cell differentiation into the right phenotypes on cue for potential use in

regenerative medicine. Also, multiple hPSC cell types need to be cultured on the substrates.

Firstly, the surfaces (silicon, gold, glass, tissue culture polystyrene (TCPS)) were coated with
polymers containing suitable chemical functional anchors. In a subsequent step, biomimetic
polymer brushes were either directly grown from these substrates (grafting-from) or were

independently synthesized and immobilized on them (grafting-to).

Specifically, polymer brushes were chosen as they provide an attractive functional interface,
wherein composition, architecture and polymer functionality can be controlled precisely and
independently. Such an optimal stem cell/material interface would allow a dynamic regulation of
one another’s fate: the cell by remodeling its surroundings, and the material controlling the cell

fate through its local physicochemical environment.

Chemical vapor deposition (CVD) is a polymer chemical vapor deposition technique for
preparing reactive coatings in substrate independent manner from functional paracyclophane
precursors. CVD polymerization method was employed to prepare a polymer coating decorated
with functional groups and subsequently modified for the introduction of polymer brushes on the

surface. One common technique for effective introduction of such brushes for both grafting-from
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and grafting-to approaches is reversible deactivation radical polymerization (RDRP) processes.
RDRP is a technique used to synthesize a variety of precise polymers with good control over their
molecular weights, dispersity, architecture, as well as their functionality.’® Subsequently, a
strategy was envisioned to combine CVD and RDRP to obtain robust hPSC cell culture substrates.

Strategy 1 (Grafting-from). A polymer coating containing 2-bromoisobutyryl functional groups
providing atom transfer radical polymerization (ATRP) initiators was deposited by CVD

polymerization. Polymer brushes were then grown from this surface by ATRP.

Strategy 2 (Grafting-from). A polymer coating decorated with activated alkynyl groups'! was
prepared by CVD polymerization and was utilized to immobilize reversible addition-
fragmentation chain transfer (RAFT) agents to surfaces in a copper-free click reaction.? The

controlled polymer brushes were grown from this surface by RAFT polymerization.

Strategy 3 (Grafting-to). A polymer coating decorated with aldehyde groups was prepared by
CVD polymerization on the surfaces, and further reacted with a dihydrazide linker. Interfacial
Gemini transformer (IGT) was pre-synthesized containing a central reactive aldehyde group, and
subsequently covalently attached to the hydrazide moiety exposed at the surface to obtain polymer
brushes by the grafting-to approach.

Villa-Diaz et al. developed a standardized and fully defined synthetic polymer coating, poly[2-
(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl) ammonium hydroxide] (PMEDSAH) by
ultraviolet/ozone (UVO)-initiated free radical polymerization, which could sustain the
undifferentiated growth of human embryonic stem cell (hESC) and induced pluripotent stem cell
(hiPSC) growth in several different culture media, including commercially available defined media
for 25 passages.'®>'* However, the molecular mechanisms and the material properties responsible
for this support is not evident, and need to be evaluated. Drawing inspiration from these findings
and to engineer surfaces with tunable material properties that interact with different kinds of hPSC,
the following investigations have been performed on appropriate substrates as described in
Sections 4.1-4.5.
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1. Multiplication of hematopoietic stem and progenitor cells (HSC), a type of hPSC, in vitro
with current approaches suffer from limited scalability and are emerging as a bottleneck
for clinical applications of these cells. They quickly lose their multipotency and self-
renewal capacities in culture because of their fast differentiation. UVO-grafted biomimetic
PMEDSAH hydrogel coatings have been found to be effective in sustaining the long-term
expansion of hESC and hiPSC. Therefore, Section 4.1 deals with the preparation of
PMEDSAH substrates by UVO-initiated free radical polymerization, and Section 4.6.1
deals with the investigation of their ability to adhere and proliferate HSC.

2. UVO-grafting is a free radical polymerization process, which means, the process is not
well-controlled, leading to polydisperse PMEDSAH polymer brushes. Widespread clinical
applications of stem cells require substrate materials with tunable physical properties.t®
The second objective in this dissertation is to control the composition, architecture and
biological functionality of the zwitterionic polymer brushes precisely. Controlling the
physicochemical properties by fine-tuning the polymer brush thickness, and in turn, its
molar mass, could identify reaction parameters that would yield the optimum cell growth.
For that reason, PMEDSAH brushes were introduced on to the functional CVVD-coated
surfaces using a “grafting-from” approach using ATRP and RAFT polymerization. Then,
the possible physicochemical properties were measured, like, thickness, wettability,
surface roughness and zwitterionic charge distance, and the information was used to tailor
the polymer brushes for biomedical applications. In particular, hPSC cell adhesion on the
polymer brushes have been used to understand the structure-property relationships of the

biomaterial and guide the tuning of interfacial properties.

3. After growing biomimetic polymer chains from substrate-bound sites through RDRP, the
next challenge was to develop engineered biointerfaces for a potentially scalable hPSC cell
culture platform. For this, the “grafting-to” approach was used, as it enables the control of
substrate physicochemical properties, is relatively inexpensive, and a scalable process. For
this, a novel modular molecular system consisting of a small hydrophobic functional
segment at the center (benzaldehyde initiator) flanked by zwitterionic polymer segments

was synthesized. Such a system was coined interfacial gemini transformer (IGT). The IGT



G. Venkidasubramonian

brushes were covalently grafted onto the vapor-based reactive substrates decorated with

surface reactive orthogonal groups by a “grafting-to” approach.

. The last section focuses on the use of the developed 2D hPSC cell culture platforms for the
growth and expansion of hPSC in a defined media. Further, maintenance of pluripotency
on the culture surface was investigated. The versatility of the substrates has also been
investigated, exploring the advantages of using the developed hPSC cell culture platform

over the existing ones.
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CHAPTER 2 THEORETICAL BACKGROUND

2.1 Human Pluripotent Stem Cells

Stem cells are defined by their ability to self-renew, which is termed pluripotency, and their
potential differentiation into specific tissue types.’® The two major classes of stem cells are
pluripotent stem cells that can become any cell type in the adult body, and adult stem cells that can
differentiate to yield some of the population of cells of their tissue of origin. Pluripotent stem cells

include embryonic stem cells and induced pluripotent stem cells.

(a) Blastocyst

Fibroblasts

Uu
Inner cell mass
"\ w ¢ Muscle stem cell
)
L/ Defined factors

oo (e

Embryonic stem cells Induced pluripotent cells Adult stem cells

(

Figure 2.1: Schematic representation of the origin of stem cells. (a) Embryonic stem cells shown in green
are derived from blastocysts. (b) Induced pluripotent stem cells shown in brown generated from skin
fibroblasts which are somatic cells. (¢) Tissue-specific adult stem cells (for example skeletal muscle stem
cells) shown in purple are derived from muscle fibers. Adapted from Lutolf et al .’



G. Venkidasubramonian

Embryonic stem cells, induced pluripotent stem cells and adult stem cells are derived from
three different sources, and each have advantages and disadvantages in regard to their potential
use in regenerative therapies (Figure 2.1).1” The discovery of human embryonic stem cells (hnESC)
from blastocysts by Thomson et al. in 1998 provided the first human source of pluripotent stem
cells. Though their clinical translation is impeded by the ethical concerns of using embryos.
Human induced pluripotent stem cells (iPSC) were reprogrammed from somatic cells such as skin
fibroblasts by Takahashi et al. in 2007.2 The reprogrammed cells have similar morphology as
natural pluripotent stem cells; and are able to differentiate into a variety of cell types. Some ethical
issues associated with hESC could be side stepped by using iPSC.

Successful reprogramming of adult stem cells, also called somatic stem cells, into a pluripotent
state would allow generation of stem cells that differentiate into specialized cell types.® For
example, the hematopoietic stem cells (HSC) are found in stem cell niches in the bone marrow.
They maintain homeostasis by balancing the inactive and active cells in the blood.® HSC can be
generated from Umbilical cord blood (UCB),*® and could be used to differentiate to regenerate the
tissue that has been damaged or worn out. Somatic stem cells are lucrative as they have lower
rejection rates and there are no ethical concerns associated with their usage. They can be cultured
on substrates derived from animal sources, conventional tissue culture polystyrene (TCPS) dishes,

or microcarriers.

However, major challenges are associated with culturing hPSC, firstly, controlled proliferation
while the ability to maintain pluripotency in culture; and secondly, the capability to direct stem
cell differentiation reliably.?® hPSC either do not attach or spontaneously differentiate in
conventional substrates used for adult stem cells. Safety is yet another issue preventing hPSC from
becoming a viable therapy in regenerative medicine. Traditionally, these cells are cultivated on
mouse embryonic fibroblasts (MEF) feeder layers. MEF feeder layers secrete soluble factors and
deposit ECM required for hPSC self-renewal.?* However, they induce xenogeneic contaminants
or undefined factors into the culture systems.?> Matrigel™ (Corning, NY) is another widely used
cell culture substrate consisting of extracellular components.? It is a commercially available
solubilized complex basement membrane matrix containing laminin, collagen IV, and heparan
sulfate proteoglycan purified from Engelbreth-Holm-Swarm tumor. It also consists up to 1,800
different proteins whose levels vary significantly from batch to batch. Accordingly, it is limited by

being an undefined substrate and also contains unwanted xenogeneic materials.?* Now xeno-free
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methods, including the use of human fibroblast feeders,® amniotic mesenchymal cells,?® and
adipose-derived mesenchymal stem cells?’ have been developed. However, the batch-to-batch
variation of feeder cells still pose a challenge for the large scale production of hPSC.% Also,
sterilization by irradiating feeder cells with gamma rays impede their proliferation and induce
apoptosis.?® These shortcomings associated with culturing hPSC on feeder cells negatively affect

their self-renewal and limit their use in therapeutic applications.

One potential solution would be to develop a chemically defined, xeno- and feeder-free culture
system. A synthetic surface could minimize the risk of xenogeneic contamination and yield more

reproducible and homogenous stem cell cultures while lowering the cost of production.
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Figure 2.2: Environmental factors that regulate hPSC self-renewal, adapted from Azarin et al.** and
Vining et al.*!

These advances would help produce a near limitless source of hPSCs for deriving specific cell
types required for regenerative medicine.®? The first step in developing substrates for the expansion
of hPSC in vitro is to identify the environmental cues facilitating their undifferentiated

expansion (Figure 2.2).

The stem cell niche is a complex microenvironment comprising of an ensemble of soluble

signals from cytokines and growth factors, direct interactions with other cells, and the extracellular
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matrix (ECM).* In combination with one another, these components act on stem cells to maintain
their pluripotent state, physically tether them, and regulate self-renewal.®* The stem cell niche
serves as a protective environment that provides supportive conditions to maintain the functional
propertied of stem cells. The loss of contact with the niche can result in the loss of stem cell
functions. In the next section, the factors that affect stem cell expansion in synthetic cultures are

elucidated.

2.1.1 Extracellular Matrix

Different ECM molecules play vital roles in cell behavior such as cell anchorage, proliferation,
mechanical buffering, survival, aiding intercellular communication and differentiation.*® Cells can
also sense structural and mechanical stimuli of the ECM such as elasticity, surface topography,
directional motility guided by gradients in adhesion, and rigidity.%®-3 The cell adhesion and
spreading are controlled by intra-cellular signaling pathways that are originally triggered by
transmembrane proteins interacting with the engineered substrate® (Figure 2.2). Understanding
the effects of the physical aspects of the ECM in regulating hPSC behaviors is essential in
improving their survival and self-renewal in synthetic cell culture platforms. Synthetic substrates
need to have defined material properties that mimic the ECM physically and biochemically.
Comprehensive reviews about the physical aspects of cell culture substrates have been detailed by
Ross et al. and Vining et al.3% A few of the important aspects will be focused in the sections

below.

Material Stiffness

Mechanical cues provided by material stiffness is an essential characteristic by which cells
sense the external forces (Fe) and subsequently respond to the environment (F;, response force) in
an appropriate manner.3* There are various Fe and Fi that modulate cell adhesion. Mechanically
gated ion channels sense the Fe caused by applying tension on cells. The ion channels rearrange
the cytoskeleton in response to the shear.3* The cytoskeleton then transfers forces (Fi) to the
intracellular structures, such as the nucleus. These mechanotransductions correlate with changes
in gene expression and cell fate.*® Thus, optimal stiffness of the substrate correlates to optimal

stem cell growth.
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From literature, human embryo stiffness was found to range from 3-14.2 Pa by deducing
stiffness values of African clawed frog embryo, which has a close evolutionary relationship with
humans.*! Stiffness of traditional cell culture substrates (plastic and glass) are outside the range of
many functional tissues.*? TCPS substrates have an elastic modulus of ~2 GPa, which is rigid and
cause differentiation of hPSC. Rigid substrates cannot transfer the cellular traction forces (Fi) to
nearby molecules. Consequently, cells are not able to remodel actin cytoskeleton to adhere to the

substrates, which may suppress cell spreading and migration.

Substrates with lower stiffness could have higher adhesion rates due to the ability of the cells
to better reorganize the surrounding material. This is done by clustering the integrin receptors into
aggregates at the membrane, that bind ECM proteins at the membrane into a complex termed the
focal adhesion®® (Figure 2.2). These focal adhesion sites serve to signal bidirectionally to regulate
cell adhesion and migration (Figure 2.2). Thus, the elasticity of the substrates directly influences
the cellular responses. Modulation of the elastic modulus of biomaterials may also impact on the
topography of the surface. For example, polydimethylsiloxane (PDMS) and polyacrylamide
hydrogels have marked differences in porosity, spanning a range of micro- to nanometer pore sizes
for different stiffness.** The pore sizes influences hPSC spreading, by reorganization of the
cytoskeletal components.*® In summary, modulating the stiffness of synthetic surfaces impact in

vitro cellular signaling responses, which can be tapped for uses in biotechnology applications.

Material composition

The substrates need to display defined cell-binding groups. Substrate interface-mediated
binding of ECM proteins (like laminin, proteoglycan, vitronectin, fibronectin, E-cadherin, etc.,)
growth factors, and cell surface receptors (for example, integrins) create a microenvironment to
support self-renewal of hPSCs.*® Surface wettability measured by water contact angle, WCA, has
been used to predict cell adhesion.*” In vitro studies have helped to identify that the surface
roughness of the substrate modulate cell adhesion, morphology, proliferation, as well as
macrophage cytokine release, and protein expression of collagen and elastin (increases with
increased surface roughness).34® Hence, surface micro-structuring, like acid etching have been

commonly used for increasing surface roughness and oxygen content.*®

11



G. Venkidasubramonian

2.1.2 Biochemical factors

Soluble biochemical factors complement the ECM interactions in defining cellular fate.>

Optimal culture conditions are required for the maintenance of hPSC in vitro. Multiple studies
have shown that fibroblast growth factors (FGFs), Wnts, and transforming growth factor  (TGF B)
are crucial in maintaining stem cell pluripotency and need to be present in the synthetic
microenvironment.>¥>3 Hence, several feeder- and serum-free culture media formulations
containing these factors have been employed to support the culture of hPSC.24%4% However, the
cells still require Matrigel substrates, and therefore can be challenging to gain regulatory approval
for manufacturing high numbers of cells. Hence, there is a need for biomaterial substrates, which

might result in a more defined and xeno-free system that will allow optimal expansion of cells.

Culture medium supplemented with fetal bovine serum (FBS), insulin, transferrin, albumin®®
are used for hPSC culture because they adsorb to biomaterials and regulate hPSC responses.’® In
this dissertation, human cell conditioned medium (HCCM) is used for the growth of hESC.
Adhesion and binding of plasma proteins on the biomimetic substrates depend on diverse
biomaterial characteristics, such as surface roughness, charge and wettability, and is affected by
the available protein repertoire in the culture medium.%” Therefore, the complex interplay of
substrate’s inherent material properties and the resulting adsorption of molecules from the culture
medium modulate cellular responses and it is not easy to separate the individual responses. This

should be kept in mind while developing synthetic substrates.

2.1.3 Inter-cellular interactions

Mechanical and biochemical signals used for cell-cell adhesion interactions also govern hPSC
self-renewal.®® Specialized cell junctions occur at points of cell-cell and cell-substrate contact in
hPSC. They play a key part in transmitting tensile forces, from cell-cell or from cell-substrate that
regulate intracellular signaling pathways. This is done by adhesive molecules like integrins.>®
Individual cells and small clumps on the substrate have poor viability while large colonies on the
culture plate are spontaneously differentiated. Colonies require an appropriate size for self-
renewal. Hence, hESC are passaged regularly through mechanical or chemical means to regulate

stem cell colony size and shape.®

12
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Ultimately, the appropriate balance between cell-substrate interactions, soluble factors and
cell-cell interactions controls the proliferation of hESC. Therefore, defined culture conditions that
promote hPSC self-renewal need to be established. Identification of biomaterials that support long-
term expansion of undifferentiated stem cells, appropriate cellular attachment, proliferation and
gene expression patterns is critical.®® The next section describes biomaterials, their properties and

select examples.

2.2 Biomaterials

Biomaterials were incorporated into modern medicine with the use of polyurethanes as
artificial heart pumping bladders.®* From then on, there have been tremendous developments in
materials that contribute to the medical field. Biomedical devices like coronary stents,®? guide
wires,®? implants and biosensors have been surface coated with materials that are biocompatible
and non-fouling.% A major characteristic of these materials is the prevention of nonspecific
biomolecular and microorganism attachment on surfaces. Biomaterials with tunable biochemical
and mechanical properties may recapitulate the ECM, providing cells with information that is

important for pluripotency and self-renewal 47:61.6566

Potential diverse biomaterials are reported in literature as promising materials for biomedical
applications. As an example, poly(ethylene)glycol (PEG) is used extensively because they are
hydrophilic, non-toxic, biocompatible and low fouling.®” PEG polymers resist non-specific protein
adsorption due to steric repulsion effect.®® Adhesion peptides have been incorporated by PEG
modification to create tunable tissue engineering substrates.®® However, PEG-based coatings have
disadvantages. They are susceptible to oxidation damage when oxygen and transition metal ions
(most biochemically relevant solutions contain transition metal ions) are present.”® Also, PEG

dehydrates the cells in contact with it.

Other low fouling polymer brushes based on 2-hydroxyethyl methacrylate (HEMA) and
poly(ethylene glycol) methacrylate (PEGMA) have been generated and have shown resistance to
proteins.”*~"® PolyHEMA-based materials do not resist protein adsorption from undiluted human
blood serum and plasma, making them unsuitable for biomedicine.” In our lab, hESC adhesion
and propagation on PEGMA surfaces were investigated, and it was observed that hESC initially
adhered to these surfaces, but did not promote extended cell culture.!® The development of

13
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materials that maintain their properties in tissue fluids is critically important in biomedical
applications. Hence, scientists began to probe the role of zwitterionic polymer surfaces in protein

resistance and stem cell self-renewal.”

2.3 Zwitterionic polymers

Zwitterionic-based materials such as phosphobetaines, sulfobetaines and carboxybetaines are
hydrophilic and known to be much more oxidatively stable than PEG.
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Figure 2.3: (a) Zwitterionic polyphosphobetaine, (b) zwitterionic polysulfobetaine and (c) zwitterionic
poly(carboxybetaine) polymers. The polymer backbone shown in these examples is a polymethacrylate.

Zwitterionic polymers show strong electrostatic intramolecular interactions between the
cationic and anionic groups on the same monomer residue while maintaining overall charge
neutrality (Figure 2.3).”® The water structure surrounding the zwitterionic brushes forms a physical
and energetic barrier, thus preventing protein adsorption on the surface.”” The strong ionic
interactions between the monomeric units is influenced by temperature and molecular weight of

the polymer brushes.”®-8

Certain zwitterionic hydrogels are thermoresponsive and upper critical solution temperature
(UCST) transitions could be observed.®* The inter- and intramolecular ion associations between
the zwitterionic groups at low temperatures render them insoluble in water. The electrostatic
attractions are broken at sufficiently high temperatures, resulting in isolated polymer chains that
are completely soluble.828% UCST behavior can be understood via the Flory-Huggins mean-field
theory.®* Upon increasing the temperature, the Flory-Huggins parameter y reduces. Therefore, the

entropic mixing contribution of the free energy will dominate over the enthalpy at high

14



G. Venkidasubramonian

temperatures and, consequently the components mix. For many applications, e.g. in drug
delivery,® bio-adhesion,®® etc., temperature is used as a stimulus inducing a response of the
polymeric system. The development of antifouling, thermoresponsive zwitterionic coatings on
interfaces to meet the challenges of biomedical devices development is therefore beneficial .8’

Phosphobetaine-based  polymer  surfaces such as  poly(2-methacryloyloxyethyl
phosphorylcholine) (polyMPC), have been studied because they mimic the lipid components that
constitute the outside layer of cell membranes. PolyMPC coatings are protein-resistant.%®. MPC-
based copolymers have been used commercially in contact lenses.®” MPC, however, is difficult to
synthesize. The zwitterionic structure of poly(carboxybetaine methacrylate) (polyCBMA) has a
comparable structure to glycine betaine, a molecule that is essential to the osmotic regulation of
living organisms.®® PolyCBMA has cationic quaternary ammonium and anionic carboxylate
functional group moieties. It has been demonstrated to prevent non-specific protein adsorption

while permitting covalent decoration with bioactive proteins.%*!

The structure of sulfobetaines is similar to that of 2-aminoethane sulfonic acid, which is present
in high concentrations in nature.®? A 60 kg human contains up to 60 g of 2-aminoethane sulfonic
acid. Due to its biomimetic nature, antifouling properties, simple synthesis, and commercial
availability of the monomer [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
hydroxide (MEDSAH), our research focuses on the study of PMEDSAH polymers.%%
PMEDSAH was first synthesized by Liaw et al. in 1987.% The chemical structure of PMEDSAH

features a terminal sulfonate (SO3') group and a cationic quaternary ammonium group on each

monomer unit. It exhibits an “anti-polyelectrolyte effect” salt-responsive behavior. Zwitterionic
PMEDSAH brushes exhibit a UCST behavior that is thickness- and grafting density-
dependent.8%% A 28 kDa PMEDSAH has a cloud point temperature of 36 °C in water,®” a value
close to the body temperature, thereby making it promising for biomedical applications.
PMEDSAH brushes are also capable of modifying the surface wettability as a function of brush
thickness.?® PMEDSAH is utilized in “smart” micelles,? polymer nanoparticles,® hydrogels!®®-102
and polymer brushes.1® Owing to such attractive properties, this dissertation further deals with the
development of substrates for hRESC culture using PMEDSAH material. The engineering aspect of

manufacturing such materials with respect to scaling up processes are discussed in the next section.
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2.4 Synthetic Engineered Environments

Robust, scalable technologies are necessary for large-scale hPSC expansion for regenerative
medicine purposes.’® There is an inescapable need to engineer synthetic microenvironments to
have more reproducible culture conditions and lower the cost of production without introducing
xenogeneic components. Maintenance of viability, pluripotency as well as homogeneity of cell
populations are essential. Diffusion of oxygen, growth factors and nutrients to the cells are
important.’® The cells need to be protected against mechanical stresses like the hydrodynamic
shear forces that negatively affect cell viability and pluripotency.?? Then, these cells need to be
conditioned efficiently so that they survive and integrate into the tissue in vivo. All these factors
require microenvironments that emulate in vivo conditions and incorporate biomaterials
specifically modified for the growth and proliferation of hPSC. This need for the synthetic hPSC
cell culture systems design led to the development of two dimensional (2D)!31%1%7 and 3D
biomaterials, including hydrogels, microwells, microcarriers!®!%® and scaffolds!'®!l, 2D
biomaterials are the most commonly used for hPSC culture to date. Though it has proved to be a
viable option, the limitation of 2D substrates is the lack of 3D environment that is native to cells.
Progressing from 2D to 3D biomaterials could lead to faster clinical translation of hPSC cells
grown in vitro. Scaffolds using decellularized tissues represent an attractive solution, but many
engineering design constraints manifest.> Some examples of hPSC cell culture platforms
explored by researchers are elucidated below.

2.4.1 Natural biomaterials

Naturally derived biomaterials are like biological macromolecules that are recognized by and
metabolized in the biological environment. But these biomaterials do not induce chronic
inflammatory or immune response and toxicity like biological macromolecules do.!*® The use of
functional fragments of ECM proteins like the arginylglycylaspartic acid (RGD)-peptides to
functionalize the substrates for culturing hPSC was desirable to reduce immunological
reactions.'% Kiessling and coworkers prepared a range of thiolated peptides and spotted them onto
gold-coated glass slides to prepare peptide-functionalized self-assembled monolayer (SAM)
microarrays that support hESC growth and self-renewal.!** Decellularized ECM coated substrates
derived from MEF allowed hESC adhesion and proliferation.!*®> Encapsulation of hESC in 3D

hyaluronic acid (HA) hydrogels maintained their pluripotency, and could be differentiated into
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embryoid bodies.*'® HA hydrogels can be cross-linked to modulate material properties such as

stiffness, to direct stem cell fate.**" 118

There are disadvantages in using naturally derived biomaterials as cell culture systems. First,
they are exposed to the external environment during production, and, therefore, microbial and
heavy metal contamination may occur. Second, batch-to-batch variation and slow processing
hinder the mass production of natural biomaterials for hPSC culture use.'*® To overcome these

limitations, synthetic biomaterials incorporating biologically active components were explored.

2.4.2 Synthetic biomaterials

The use of synthetic biomaterials to maintain hPSC provide an ideal tool to elucidate the
molecular mechanisms that control stem cell fate because material parameters can be tightly
controlled. Synthetic peptides and polymers have been developed that support long term expansion
of hPSC.

ECM proteins

An alternative to materials harvested from natural sources is the use of protein-engineered
biomaterials. They are made entirely out of recombinant ECM proteins. As mentioned before,
laminin, vitronectin, fibronectin, heparin and collagen are major ECM proteins. Culture on human
recombinant laminin proteins has been demonstrated to be a robust substrate for hESC self-
renewal.’®” However, mass production of full length recombinant laminins is very difficult as they
are large structures.’®® Therefore, Miyazaki et al. went on to show that recombinant laminin
fragments, instead of the whole laminins, could support increased adhesion and undifferentiated
proliferation of hESC for 10 passages,*?° thereby reducing the size and complexity of laminin

required.

Substrates with recombinant vitronectin has been shown to sustain hESC pluripotency and
survival.*?! This is done by the binding of integrins to vitronectin. This discovery led Higuchi et al.
to develop synthetic surfaces consisting of polyvinylalcohol-co-itaconic acid hydrogels with a
stiffness of 25 kPa grafted with an oligopeptide derived from vitronectin.'?> They showed that the
cells maintained their pluripotency for 20 passages. This is also a good example of tuning physical

cues and biological cues by the biomaterial to direct stem cell fate. Chang et al. developed heparin-
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based hydrogels as a matrix platform for hESC culture. They found that they exhibited good
attachment of hESC via direct interaction with heparin moieties and supported long-term
expansion maintaining their pluripotency for >20 passages.'?® Fibronectin surfaces (Cellstart™,
Thermo Fisher) supported hPSC cultures in chemically defined medium, 24125

2D synthetic polymer substrates

Biomaterials may be useful to mimic the ECM properties, in turn affecting stem cell function.
To discover novel biomaterials satisfying such conditions, Anderson et al. used an unbiased high-
throughput approach using 576 different combinations of 25 acrylate-based polymers to find their
effects on cell attachment, proliferation and lineage induction.*” The different polymers were
synthesized through photopolymerization onto a poly(hydroxyethyl methacrylate) (pHEMA)
coated glass slide. They found combinations of materials that influenced hESC attachment,
proliferation and differentiation. This study confirmed the dependence of cell-material interaction
on surface chemistry. Materials with resistance to cell attachment contained hydrophobic moieties
such as aromatic and aliphatic carbon groups. The conclusion of this study was that weakly polar
groups support cell attachment. The same group later studied material properties of all polymeric
substrates such as surface topography, wettability, surface chemistry and indentation elastic
modulus to develop structure-function relationships between material properties and hPSC
culture.’® They demonstrated that hESC substrates having moderate wettability support

pluripotency.

Poly(methyl vinyl ether-alt-maleic anhydride) (PMVE-alt-MA) synthesized by free radical
polymerization supported attachment, proliferation and self-renewal of hESC for five passages.?®
Hydrogel interfaces of aminopropylmethacrylamide (APMAAmM) were developed by free radical

polymerization for hESC growth and self-renewal for 20 passages.'?’

There are only four commercially available synthetic hPSC culture surfaces available in the
market today, StemAdhere™, Synthemax™, Geltrex™ and Vitronectin XF™. StemAdhere
surfaces™ is made up of a human protein. Vitronectin XF™ (Nucleus Biologics) is a defined,
recombinant fusion protein containing the full length human vitronectin sequence. Synthemax™
(Corning) is a chemically defined, xeno-free synthetic peptide substrate consisting of the RGD

motif. Geltrex™ consists of reduced growth factor basement membrane matrix. However, none of
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them are commonly used. As seen in Figure 2.4, Matrigel is still the most widely used as a substrate
for stem cell culture. In our group, a novel synthetic polymer coating made up of PMEDSAH?®
was shown to replace feeder cells and Matrigel in 2D hPSC culture systems. hPSC could be
expanded for 25 passages in PMEDSAH synthetic polymer coatings.®?
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Figure 2.4: Number of hits for the search term for each substrate. The search term “Matrigel” provided
9,775 hits, with 304 hits alone in 2018.

Three dimensional substrates

hESC could be cultured on micron scale wells consisting of soft lithography formed PDMS
stamps mold polymer substrates. Generally, their surfaces are functionalized with a material that
adsorbs protein.*?® Mohr et al. outlined a modification strategy for achieving selective adhesion of
cells. Microwells with tri-ethylene glycol terminated SAMs were constructed, where cells adhered
only on SAMs. This method yielded defined 3D geometries that permit undifferentiated hESC
growth in monodisperse colonies for 3 passages and expressed pluripotency markers. A natural
ECM analog was engineered de novo from in vitro cultured fibroblasts called decellularized
fibroblast-derived matrices (FDM).''2 Tuning the stiffness of the matrices with genipin modulated
cell adhesion and pluripotency. Naturally derived 3D microenvironments could be developed in

this way to grow hPSC with high efficiency.
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2.5 Surface Modification Techniques

Biomaterial surfaces can be modified by controlling the physical and chemical characteristics
of the surface. The surface properties can profoundly alter cell attachment and proliferation.

General methods of surface modification using synthetic materials are detailed below.

2.5.1 Self-assembled monolayers

Alkanethiols are known to form reproducible and well-ordered surfaces on top of gold surfaces
via chemisorption of the sulfur atom to gold, when gold is immersed in thiol solutions.'?® They

can be engineered for generating arrays with defined elements.

—— Functional

group

— Tall
—— Head group
— Substrate

Figure 2.5: Description of self-assembled monolayers.

Alkanethiols used to construct SAMs typically contain an anchoring (head) group, a 11-18
carbon chain (tail) and are capped with a functional group which gives rise to the SAM interfacial
properties (Figure 2.5). The choice of head group will determine the affinity for the surface. The
tail will determine, in part, the intermolecular interaction between the neighboring molecules on
the surface. SAMs of alkanethiols have been studied as potential cell substrates for human
umbilical vein endothelial cells.**° Nonetheless, the use of SAMs have been known to desorb from

surfaces when exposed to biological serum during prolonged culture.!3!

2.5.2 Langmuir-Blodgett films

The Langmuir-Blodgett (LB) deposition, invented by Langmuir'®2 and Blodgett,' organizes
a single layer of molecules on a liquid surface, usually water, before transfer to a solid substrate
by immersing the solid into the liquid.’3* A thin organic film is formed with the thickness of just
one molecule due to the distinct affinity of the monolayer for each of the phases involved. 5%
LB films enable molecular-level control over the structure of films that are difficult to otherwise

achieve. LB technique offers the possibility for the immobilization of proteins or enzymes and
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subsequent application in bio-catalysis, drug delivery and tissue engineering.t3"13® However, LB
films require expensive instrumentation and may only be used for the encapsulation of amphiphilic

components.t3 An alternative to LB deposition is layer-by-layer (LbL) assembly.

2.5.3 Layer-by-layer self-assembly

Layer-by-layer (LbL) self-assembly of thin films, introduced in 1992, is a simple deposition
process with broad applications in optics, biosensors, surface coatings, controlled drug-delivery
devices and tissue engineering.**14° LbL films are created through the sequential deposition of
biomolecules in aqueous solution containing functional groups that drive self-assembly.'*! The
LbL technique is basically formed by alternate deposition of positively and negatively charged
materials on a solid substrate with washing steps in between.'*° Electrostatic interactions between
oppositely charged polyelectrolytes are the dominant driving force to drive the LbL assembly
during sequential deposition. It is a low-cost process with precise control of coating thickness

under mild assembly conditions on versatile coating materials.

2.5.4 Chemical Vapor Deposition polymerization

Chemical vapor deposition (CVD) polymerization is a surface modification platform for the
fabrication of thin films using a vacuum deposition method in which volatile precursors are
deposited from the vapor phase by their decomposition on the substrate to form a coating.*? Most
frequently the process is thermally driven but photo- and plasma-assisted methods are also used.
The deposition of the film is controlled by a chemical reaction. Hence, this technique has
successfully overcome some of the issues faced by wet fabrication methods such as LbL. CVD is
employed in several thin film and coating applications, such as those used for dielectrics,

semiconductors, passivation layers, oxidation barriers, and tribological coatings. 4

There are many CVD processes; for example, initiated CVD (iCVD),*** plasma-enhanced
CVD (PECVD),** oxidative CVD (0CVD),* vapor deposition polymerization (VDP),**" and
CVD of parylene and its derivatives.’*® Amongst them, parylene CVD, originally pioneered by
Gorham et al., employs heat to crack vapor phase reactants related to [2.2]paracyclophane while
under vacuum (~0.3 mbar).**® Polymerization of the resulting radical species on cooled substrates

proceeds via a chain growth mechanism. By varying the functional groups attached to the
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[2.2]paracyclophane, polymer films with high retention of functionality can be produced via the
this process. A depiction of the CVD set-up and process is provided in Figure 2.6.
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Figure 2.6: The schematic represents the three-source chemical vapor deposition (CVD) copolymerization
system containing three inlet sources that each contain a sublimation zone and a pyrolysis zone, and the
three sources are connected to a center deposition chamber. [2.2]paracyclophanes are sublimed at

90-120 °C in the sublimation zone, transported to the pyrolysis zone and deposited in the deposition
chamber. Adapted from Kratzer.t%
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CVD of poly(p-xylylenes) (trade name: parylene) possessing reactive functional groups
including amino, hydroxyl, anhydride, triflate, trifluoroacetyl moieties, etc., have been used to
prepare submicron coatings with distinct chemical and optical properties in our lab and other
labs.1°0-1%6 Technically relevant substrates such as polystyrene, PDMS, polyvinyl chloride, steel,
etc. can be functionalized with a library of chemical moieties, irrespective of substrate chemistries
and properties.'® The CVD process yields conformal coatings with pinhole-free coverage for large
areas and can also be applied to complex 3-dimensional geometries.'® The coatings are deposited
in a solvent-free process, and also the by-products evaporate, giving the possibility of achieving,
reproducibly, very high levels of purity in the films. The process also allows flexibility during
deposition such as co-deposition of different materials. Some members of the poly-p-xylylene
family have gained commercial acceptance due to their high solvent resistance, low dielectric
constants, and excellent barrier properties. %% Parylene coatings are extensively used as a barrier
medium for implantable chemical sensors,*®! stainless steel implants,*%? pacemakers, % stents and

catheters.164

The CVD technique, LbL assembly, SAMs, LB films, etc. have been made by free radical
polymerization. But it is useful to have defined responsive polymer brushes for regenerative
medicine.®® They can be synthesized by reversible-deactivation radical polymerization (RDRP)
techniques nowadays. In this dissertation, employing CVD polymerization, the initiator coatings
(2-bromoisobutyryl groups for atom transfer radical polymerization (ATRP)),%%® or alkyne groups
that can anchor chain transfer agents (CTA) for reversible addition fragmentation chain transfer
polymerization (RAFT),*1¢7 or amino or aldehyde groups to immobilize functional polymers by
the grafting-to process, is prepared and subsequently used for further modification. The generation
of polymer brushes with tailored physical and chemical properties of interfaces by RDRP

techniques is discussed in the next section.

2.6Reversible-deactivation radical polymerization

RDRP is a form of polymerization propagated by chain radicals, the majority of which, are
held in a state of dormancy through an equilibrium process involving a dormant species. % The
equilibrium ensures prolonging the lifetime of the growing polymer chains by keeping the
concentration of the propagating radicals sufficiently low. Most of the radicals are in the dormant

state at any second, however, they are not irreversibly terminated. Only a small fraction of them
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are active, yet because of the activation-deactivation equilibrium process, simultaneous growth of
all chains is ensured. Consequently, the molecular weights of the polymers generated have a
narrow Poisson distribution, and in turn, a lower dispersity. RDRP methods have provided a robust
synthetic approach to synthesize polymers with controlled composition, topology, functionalities
and narrow molecular-weight distributions.'®® RDRP consists of four reactions: initiation,

propagation, transfer and termination.

Reversible Termination

kdeact
. . pn
n

ﬁ

\\ kact
kp

Reversible Transfer

X

MRt Yy S | X
" Pm VWP, . + "LL, /
+M ‘\\ \\ k Pn
b A )
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Scheme 2.1: Mechanisms for reversible-deactivation radical polymerization. They possess a dynamic
equilibrium between a dormant and an active species which can be enabled by reversible
activation/deactivation process or by degenerative chain transfer processes.

There are two initiation steps; the first being the decomposition of the initiator to yield a pair
of free radicals. In the second step, a monomer is added to the free radical resulting in a chain
radical. A combination of a fast initiation step and slow propagation step is characteristic of RDRP.
This is achieved by an intermittent formation of radicals with added monomer units. The
propagation step involves a dynamic equilibrium between a large concentration of dormant species
and a low concentration of active propagating chain radicals as shown in Scheme 2.1.17° The
equilibrium can be achieved by one of two processes: (1) reversible deactivation (e.g. ATRP)!"t
or (2) degenerative transfer (e.g. RAFT).1”2 The molecular weight distributions in free radical

polymerizations are broad, and not optimum for controlling polymer brush properties.t”® With

24



G. Venkidasubramonian

RDRP, the parameters could be varied in order to control polymer brush properties. The different
RDRP methods include atom transfer radical polymerization (ATRP)"41, reversible addition-
fragmentation chain transfer (RAFT) polymerization!’-1"® and nitroxide-mediated polymerization
(NMP).180'181

Using RDRP, polymer brushes can be obtained by three different methods:
(1) “grafting-from”, (2) “grafting-to” and (3) “grafting-through” (Figure 2.7). Polymer grafting
provides a powerful technique for modification and functionalization of various surfaces.

@
@
@
® o
9 o
t : ¢ ) C
"Ef' Y
Grafting-To Grafting-From / Grafting-Through /

Figure 2.7: Preparation of polymer brushes by “grafting-to”, “grafting-from” and “grafting-through”
strategy. Cartoon adapted from Kratzer.'’

The process of growing chains from a surface is termed “grafting-from”, where the growth of
polymer chains occurs from covalently bound small-molecule initiation sites on the surface.'®? The
“grafting-from” approaches are able to produce dense, tunable and multifunctional polymer
brushes. The grafting of polymer after the synthesis of polymer in solution with a reactive group
on a surface is termed “grafting-to”. The polymers have reactive functionalities that reacts with a
complementary reactive group on the surface. This method offers the advantage of operational
ease, controlled molecular weight distributions and improved polymer characterization before
grafting. The “grafting-to” approach can be readily scaled, as pre-formed polymers with functional
groups can be synthesized in large quantities. However, this approach usually yields low grafting

density (number of chains per unit area of grafted surface) compared to the “grafting-from” process
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due to steric hindrance of the chains at the surface of the polymer backbone.*®® Furthermore, the
polymer coil has to diffuse to an empty unfilled spot on the surface, which is a diffusion-controlled
process leading to a lower grafting density depending on the reaction time. In addition, the
probability that a polymer coil does not bind covalently but instead adsorb onto the substrate
surface will lower the grafting density. The chains lie on the surface forming a pancake structure
at low surface concentrations, where the layer thickness will only be a couple of nm.'® The
“grafting-through” method consists of copolymerizing a macromonomer and low molecular

weight monomer to synthesize polymers with defined side chains.'®

2.6.1 Atom Transfer Radical Polymerization (ATRP)

Atom transfer radical polymerization (ATRP) is a versatile tool for the production of tailored
polymer brushes with diverse architectures.'®-188 Matyjaszewski et al.}”™ and Sawamoto et al.1®
reported ATRP in 1995. It operates via a reaction between an initiator (R-X), which is an alkyl

halide and a transition metal complex ((Lig)Mt?) in its lower oxidation state, via a halogen (X)

transfer.
(2) kact (z+1)
A. (LigMt + R-X g (LigMt-X + R®
kdeact M
(2) kact (z+1)

— W
B. (LigMt * P-X ~<&—— (LigMt-X + P, ®

kdeact
M ) oa
C. U ki~ termination

kp

Scheme 2.2: Mechanism of Atom Transfer Radical Polymerization (adapted from ). (a) Initiation.
(b) Equilibrium with dormant species. C) Propagation. (Lig)Mt* = transition-metal complex;
Pn-X = halogen-terminated dormant species; (Lig)Mt**1-X = Oxidized transition metal complex-halogen
atom; P," = active radicals; M = monomer; R-X = initiator; Kact = rate constant of activation; Keeact = rate
constant of deactivation; k, = propagation rate constant; k; = termination rate constant.

This results in the formation of propagating radicals (Pn*) and the higher oxidation state transition
metal complex ((Lig)Mt?*1-X) (Scheme 2.2).1% Once Py are generated, they react immediately
with (Lig)Mt?*1-X to form (Lig)Mt? and the dormant species Pn-X. The formation of the

26



G. Venkidasubramonian

(Lig)Mt#*1-X complex is characterized by the activation rate constant, kact, whereas the transfer of
X to Ppe, the ATRP deactivation rate coefficient of kqeact. Therefore, the activation-deactivation
equilibrium constant (Katre) is the ratio of the two rate constants Kact/Kdeact. The Pn® propagate with
a rate constant kp. and terminate with a rate constant ki During termination reactions, radicals
predominantly react with X to form dormant species Pn-X.1%? Initiators and propagating chains are
alkyl halides. The initiation and propagation steps of ATRP are shown in Scheme 2.2.1%

Monomer (M) disappears only due to propagation.
_ dm]
dt

If [Pne] is constant, the concentration of monomer is reduced in accordance with first-order

= ky[PR1[M] (1)

Kinetics.
[M]
[M]o

= exp (—ky[PP1D) 2)

However, [Pne] is not necessarily constant. Fischer derived a rate expression for the radical by
considering the initiation and termination reactions.!%
d[Py]
dt

= Kact[Pn = X] = Kacact[P?] = ke[PP]? (3)

This expression for Katre helps illustrate the conditions under which equilibrium can be achieved.

kact _ [Pn] [(Lig)MtZ+1X]

et — @
deact [Pn - X] [(ng)Mt X]

Karrp =

The polymerization rate (Rp) is governed by the ATRP equilibrium position which is defined by

the structure of alkyl halide/monomer and catalyst. Assuming steady-state kinetics, Rpis given by:

[Pn—X1[(Lig)Mt*]
[(Lig)Mtz+1x] ©)

Rp = ke[M]Katrp
Rp conforms to a first-order kinetic model with respect to [M] and Mt? concentrations.’®* Ry, is
controlled by the ratio of Cu' to Cu" present in the reaction medium.
The degree of polymerization (DP) is determined by the molar ratio of concentration of reacted

monomer to concentration of the initially introduced initiator [initiator]o.1%®
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3 [M]o .
DP = ——— X conversion (6)
[initiator],

ATRP has been employed to polymerize monomers, including acrylates, methacrylates, and
acrylamides.1">196-1% N-pased ligands coordinated to Cu are commonly used,?® but other metals
including Ru, Fe, Mo, Os, etc could be used in ATRP.'*® The equilibrium involving active and
dormant macromolecules are maintained by ligands during the polymerization reaction.!® In
addition, the ligand structure markedly affect activation.'®® The fast redox between Cu(l) and
Cu(ln) is directly affected by the ligand, and they must also have a high complexation constant to
compete with the polymer for copper. Ligands also adjust the redox activity of the metal for the

repetitive halogen exchange reaction.?*2%2 Figure 2.8 depicts a series of ligands and initiators.

0 I I
fe) N N
o, B o e, TN o CHy
3 P N N
Br O CH3 \\‘ HSC/ \/\,}l/\/ \CH3
CHg N CHj
EBiB EBPA Bpy MegTREN PMDETA

Figure 2.8: Examples of commonly used initiators and ligands for ATRP: ethyl a-bromoisobutyrate
(EBIB), ethyl a-bromophenylacetate ~ (EBPA), 2,2’-bypyridine (bpy) and  tris[2-
(dimethylamino)ethyl]Jamine (MesTREN), N,N,N",N"",N""-pentamethyldiethylenetriamine (PMDETA).

The challenge of using ATRP techniques for cell culture applications is the presence of copper
that end up in the material.*®® Cells are sensitive even to incredibly low amounts of copper. This
scenario is not ideal for the development of cell culture substrates. Surface-initiated ATRP
techniques have enabled polymer brush synthesis from various solid surfaces,%32%3
nanoparticles,?® proteins®® and cellulose fibers.?® In this dissertation, ATRP is used to grow
polymer brushes from polymer coatings polymerized employing CVD polymerization, decorated
with 2-bromoisobutyryl group which act as ATRP initiators. The advent of oxygen-tolerant Si-
ATRP?7 has eliminated the need for using glove boxes and Schlenk techniques, making polymer

brushes easier to synthesize.?%®
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In SI-ATRP, the amount of each deactivator is very small because of the small amount of
immobilized initiator on the flat surface.?® Xiao and Wirth calculated that the growth rate of

polymer thickness was proportional to the rate of monomer consumption in solution,'*3

[M]o — [M] = ky[R®][M]o ()

where [R*®] is the radical concentration, [M]o is the initial monomer concentration, [M] is the
monomer concentration, and kp. is the propagation rate coefficient. K, values are available in the
literature.?%® The radicals undergo bimolecular termination reactions

d[R®]

T = —k[R®]? (8)

with its initial concentration of [Ro®] at time, t = 0. Combining Equations 7 and 8, an analytic
expression for the monomer consumption was derived as follows:

[M]oky[R®]ot ©)

(Mo = [M] = 1+ [R*]okst

ATRP kinetic model analysis is significant in determining the optimum parameters required for

controlling the material properties of the polymer brushes.

2.6.2 Reversible addition-fragmentation chain transfer (RAFT) polymerization

RAFT polymerization was discovered at the Commonwealth Scientific and Industrial Research
Organization (CSIRO) of Australia in 1998.° RAFT polymerization process enables the
production of polymers with enhanced properties, as it can be adapted to the widest range of
monomers.?!® RAFT polymerization is also a very tolerant technique, and thus could be used to
polymerize functional monomers directly in aqueous solution, providing good control over the
polymerization.?’® ATRP has a radical that is localized on a transition metal catalyst, and the
monomers attach to them and polymerize. In contrast to ATRP, RAFT polymerization operates
via a series of reversible addition-fragmentation steps based on the degenerate chain transfer

mechanism.
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Scheme 2.3: Generally accepted mechanism for RAFT polymerization.
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They are called degenerate because they only involve an exchange of functionality between
dormant chains and active propagating radical.?!! The chain transfer events are mediated by a chain
transfer agent (CTA), which is a dithioester compound S=C(-Z)-S-R, also called as a RAFT agent.
CTA has an R-group and a Z-group, which help in controlling molecular weight and dispersity.
The R-group is the homolytic leaving and re-initiating group, and Z-group is the stabilizing

group?*? (Scheme 2.3). The scheme for the mechanism of a RAFT process is shown in Scheme 2.3.

A radical initiator is required for initiation in RAFT polymerization. The concentration of the
radical initiator determines the polymerization rate and dispersity by an appropriate selection of
polymerization conditions.'”? The first reaction step is the initiator dissociation into radical
fragments. These radicals subsequently initiate polymerization by reaction with a monomer
molecule. In the pre-equilibrium reaction step, an equilibrium is maintained between the initial
RAFT agent and the macroradical Pm®. Pm® (shown in step ii) can fragment back to the initial RAFT
agent or fragment to yield a macroRAFT agent and a re-initiating R-radical R®.2*! R* can also react
with the initial RAFT agent and fragment back to the corresponding intermediate RAFT radicals.
In the main equilibrium reaction, the polymer chains rapidly exchange between Pr*® and the species
capped with the dithioester group. Reactions of these pre- and main equilibria are described by the
kinetic parameters, the addition rate coefficient kaq and the fragmentation rate coefficient kg (as
shown in Scheme 2.3). Finally, termination occurs by radical-radical reaction (step v). Due to the

living character of the RAFT process, termination reactions play only a minor role.

The equilibrium constant (Kegq) is given by:

Kaa (10)
Kq = é
The rate of polymerization (Rp) is equal to
Rp = kp [P.][M] (11)

where kj is the propagation rate coefficient, [P®] the concentration of propagating radicals and [M]

the instantaneous monomer concentration.'’?
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RAFT technique has also been used to produce controlled surface-grafted polymers.?'® In
Surface RAFT (S-RAFT) polymerization, either the initiator or the CTA can be anchored to the
surface.?** When the initiator is immobilized on the surface, the resultant surface bound polymer
layers have a lower polymer propagation rate compared to that of polymers formed in the
solution.?!® Surface bounding of CTA can be done through the R-side or the Z-side. Immobilizing
the R-group of S=C(Z)S-R graft only about half of the chains to the surface.?'® The Z-group

approach, however, has shown to produce well-defined grafted polymers.?’

Several methods have been reported for the immobilization of CTA onto surfaces. For instance,
covalently attaching RAFT-silane agents have been used because it is experimentally simple.?*8
Zamfir et al.?*® carried out RAFT polymerization of 2-hydroxyl methacrylate (HEMA) from
surface-functionalized RAFT-silane agents. SAMs have also become a popular technique to
introduce CTA on surfaces, but are limited to specialized substrates such as gold or silicon.?? The
CTA can also be anchored by UV-triggered photoreaction?! and electrodeposition.??? In this
dissertation, vapor-based polymer coatings are used to immobilize the CTA onto the surface. A
functional polymer containing ester bromide group was prepared via CVD polymerization. An
azide-functionalized CTA was used for conjugation with the ester-alkyne groups decorated on the

surface.
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CHAPTER 3 MATERIALS AND METHODS

3.1 Materials

[2-(Methacryloyloxy)-ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (MEDSAH) was
purchased from Monomer Polymer Dajac Labs, Trevose, PA. MEDSAH (used for UVO-initiated
graft polymerization), CuBrz, 2,2’-bipyridine (bpy), ethyl 2-bromoisobutyrate (EBIB),
triethylamine (TEA, 99%, stored over potassium hydroxide pellets), 4,4"-azobis(4-cyanopentanoic
acid) (V501, >98%), phosphate-buffered saline (PBS, 10 mm), fluorescein labeled bovine serum
albumin (FITC-BSA), albumin from bovine serum (BSA, molecular weight ~66 kDa, V fraction),
lysozyme (molecular weight ~14.3 kDa) and ROCK inhibitor were purchased from Sigma Aldrich
and used as received. Copper bromide (Cu(l)Br) was purified by stirring in glacial acetic acid and
rinsing with ethanol and diethyl ether and then dried under vacuum. Deionized water was obtained
using a Milli-Q plus system (Millipore, Schwalbach, Germany). [2.2]paracyclophane (PCP) was
purchased from Curtiss Wright Surface Technologies, Galway, Ireland. Dichloromethane (DCM,
>99%) was purchased from VWR International. Column chromatography was used to separate
and purify products from mixtures. The stationary phase used was silica gel 60 (Merck KGaA,
Darmstadt, Germany). Thin layer chromatography (TLC) using Silica gel coated aluminum plates
(Merck KGaA, Darmstadt, Germany; silica gel 60, fluorescence indicator Fzs4) was used for
routine monitoring of reactions; analysis was done using ultraviolet lamp (Merck KGaA,
Darmstadt, Germany; 254 nm) or potassium permanganate reagent (1 g KMnOasand 5 g Na,CO3
in 250 mL water). Oven-dried glassware and Schlenk techniques were used in order to carry out
reactions in inert atmosphere. Dry ice/acetone cooling bath (-78 °C) and an ice/water bath (0 °C)
were used to maintain low temperatures for reactions. Screened FBS (Lot: 791291), Pen/Strep
(10K units), Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12), antibiotic-antimycotic,
trypsin-EDTA, penicillin/streptomycin and L-glutamine were purchased from Gibco. Human
embryonic stem cells (H9 and H1, NIH registration number#0062) were obtained from WiCell

Research Institute, Madison, WI, http://www.wicell.org. Human-cell-conditioned media (HCCM)
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was purchased from MTI-Global Stem, Gaithersburg, MD, http://www.mti-globalstem.com.

Human recombinant basic fibroblast growth factor (0FGF) and Trizol Reagent was purchased from

Invitrogen™, Carlsbad, CA, http://www.invitrogen.com. Falcon Tubes, Matrigel™ (Corning®
hESC-Qualified Matrix, *LDEV-free, cat#354277) and 40 mm nylon mesh cell strainer were
purchased from BD BioSciences. Accutase™ Cell Detachment Solution (cat#07920) was
purchased from Stemcell Technologies, Inc. Bio-Rad protein assay (cat#5000006), Precision Plus
Protein™ Dual Color Standards (cat#1610374), Towbin buffer (cat#1610734) and blotting-grade
blocker (cat#1706404) was purchased from Bio-Rad, Hercules, CA. Novex™ Tris-Glycine SDS
Running Buffer (10X, cat#LC2675-4), Novex™ WedgeWell™ format 4-20% Tris-Glycine Mini
Gels (cat#XP04205B0OX), XCell SureLock® Mini-Cell Electrophoresis System (cat#E10001),
Novex™ Wedgewell™ 10% Tris-Glycine Gels, Tween™ 20 (cat#BP337-100), SuperSignal™
West Pico PLUS Chemiluminescent Substrate (cat#34078), donkey anti-mouse 1gG secondary
antibody, Alexa Flour® 488 (cat#R37114), donkey anti-rabbit 1gG secondary antibody, Alexa
Flour® 594 (cat#A-21207), SuperScript™ VILO™ Master Mix (cat#11755050) and the primers
used for gPCR were purchased from ThermoFisher Scientific. HyBlot CL film (cat#e3018) was
purchased from Denville Scientific. The primary antibodies used for Western blot analyses were
purchased from Cell Signaling. The secondary antibodies used for Western blot analyses were
purchased from Promega. Z-Fix solution (cat#170) was purchased from Analtech Ltd. The primary
antibodies used for immunofluorescence analysis are Oct 4 (Santa Cruz Biotechnology, goat,
cat#sc8629), Nanog (Abcam, mouse, cat#ab62734), Sox2 (Millipore, rabbit, cat#ab5603).
TagMan Universal PCR Master Mix was purchased from Applied Biosystems. SSEA-4 PE-
conjugated antibody and Mouse IgG1 phycoerythrin (PE) isotype Control was purchased from
R&D systems. HematoStem SF Kit was purchased from PAA, Pasching, Austria. Anti CD34-PE-
Cy7 and the respective isotype control were purchased from eBioscience, Frankfurt, Germany.
CellTrace™ Violet Cell Proliferation Kit (Life Technologies). The remaining chemicals used were
purchased from Acros Organics, Sigma-Aldrich, Alfa Aesar or ABCR and used as received unless

otherwise stated.
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3.2 Synthesis

3.2.1 Reversible Addition Fragmentation Chain Transfer Polymerization in solution

All polymerizations were performed in a Schlenk tube and V501 was employed as an initiator.
Monomer, CTA, initiator (molar ratio of CTA/V501 = 5/1) in 0.5 M NaBr solution were placed in
the sealed Schlenk tube and degassed by three freeze-pump-thaw cycles and refilled with argon.
The reaction mixture is then heated in an oil bath at 70 °C. Applied reaction times ranged from
1-8 h. Then, the polymerization was halted by exposing to air and being immediately cooled in
ice. The resultant solution was dialyzed in water for 48 h with water changed every 2 h to remove
salt and unreacted monomers. The final polymers were obtained as a light pink solid after

lyophilization.

3.2.2 Synthesis of azido-CTA

Azido-CTA was prepared by modification of a method previously reported??,

3-azidopropan-1-ol was synthesized prior to the synthesis of azido-CTA.

Synthesis 3-azidopropan-1-ol: In a 250 mL flask equipped with a reflux condenser, sodium azide
(9.37 g, 144 mmol, 2 eq.) and 3-bromopropan-1-ol were dissolved in water HO/\/\N3
(100 mL). The mixture was heated to 60°C and stirred for 24 h. After

cooling to room temperature, the mixture was extracted with DCM (3x100 mL). The combined
organic phases were dried over magnesium sulfate (MgSOa). After removal of the solvent under
reduced pressure, the crude product was purified by vacuum distillation (56°C, 5 mbar) to yield
3-azidopropan-1-ol as a colorless liquid (6.19 g, 61.2 mmol, 86%). *H-NMR (500 MHz, CDCls):
8 =3.75 (t, J = 5.6 Hz, 2H, CH>0OH), 3.45 (t, J = 6.6 Hz, 2H, CH2N3), 1.83 (quin, J = 6.3 Hz, 2H,
CH,CH,CH?>), 1.65 (s, 1H, OH). *C-NMR (125 MHz, CDCls): § = 59.9 (-, CH,OH), 48.5 (-,
CH2N3), 31.4 (-, CH2CH2CHY).

Synthesis of azido-CTA: In a 100 mL two-neck flask under an argon atmosphere,

3-azidopropan-1-ol (0.50 g, 4.95 mmol, 1.0 eq.), CPA (1.52 =

CN
O\/\/N3
g, 5.44 mmol, 1.1 eq.) and 4-dimethylaminopyridine (70 SX/\(T

mg, 0.57 mmol, 0.12 eq.) were dissolved in dry DCM and
cooled to 0 °C. Over a period of 15 min, a solution of DCC (1.02 g, 4.95 mmol, 1.0 eq.) in dry
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DCM (20mL) was added dropwise. The mixture was stirred for an additional 4 h at room
temperature. Next, the reaction mixture was filtered to remove the formed urea byproduct. The
organic phase was then washed with a 10% aqueous sodium bicarbonate solution (50 mL), water
(50 mL), saturated NaCl solution (2x50 mL) and dried over MgSQOa. After removal of the solvent
under reduced pressure, the crude product was purified by column chromatography (hexane/ethyl

acetate 4:1, R = 0.41) to yield the target compound as a purple oil (987 mg, 2.72 mmol, 55%).

IH-NMR (500 MHz, CDCl3): 8 = 7.92-7.90 (m, 2H, Ha,), 7.59-7.56 (m, 1H, Ha), 7.42-7.39 (m,
2H, Hay), 4.21 (t, J= 6.2 Hz, 2H, COOCHy), 3.41 (t, J = 6.6 Hz, 2H, CH:Ns), 2.72-2.59 (m, 3H,
CH,CH,COO0), 2.46-2.40 (m, 1H, CH,CH,COO), 1.94-1.90 (m, 5H, CH2CH2CH,, CCHa). IR
(ATR): ¥ = 2931 (w), 2094 (m), 1732 (m), 1589 (W), 1444 (m), 1378(w), 1291 (m), 1231 (m),
1178 (m), 1107 (w), 1080 (m), 1045 (m), 867 (m), 761(m), 686 (m), 650 (m), 616 (W),
576 (w) cm™.

MS (70 eV, EI), m/z (%): 362 (100) [M*], 344 (20), 334 (51), 322 (29), 319 (20), 307 (11), 293
(16), 281 (17), 269 (35), 262 (43), 259 (25), 247 (92), 239 (33).

HRMS calculated for C16H1sN402%2S; ([M*]):362.0866; found: 362.0864 [M*].

3.2.3 Benzaldehyde Initiator

The benzaldehyde initiator was developed by Dr. Artak Shahnas. In a typical run, 1 g of
3,5-hydroxybenzaldehyde (7.2 mmol, leq.) 3 g of trimethylamine CHO
(30 mmol) were dissolved in 20 mL of dichloromethane (DCM). The 0 0
mixture was degassed by bubbling argon to the solution and cooled down &r © O)H(Br
in an ice bath. A solution of 3.4 g (14.6 mmol, 2 eq.) of 2-bromoisobutyryl bromide in 5 mL DCM
was slowly added under argon flow using a dropping funnel. The reaction was then stirred for 4 h.
The precipitated product was filtered and purified by column chromatography with mixtures of
n-hexane/ethyl acetate (EtOAc) with a ratio of 6:1 yielding 2-bromo-2-methylpropionic acid
3-(2-bromo-2-methylpropionyloxy)-5-formyl-phenyl ester as a pale-yellow powder in 75 % yield
(2.35 g, 5.4 mmol, 1 eq.). The successful synthesis of the initiator was proven by *H NMR in
CDCl3: 6 =10.0 (s, 1H, CHO), 7.61 (d, J = 2.4 Hz, 2H, ArH), 7.29 (t, 1H, J = 2.4 Hz, ArH), 2.08
(s, 12H, CHa), ppm. - ¥C-NMR (125 MHz, CDCls): § = 189.9 (CHO), 169.8 (C=0), 151.9 (Ca/O),
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138.4 (CCHO); 120.7 (Car); 120.0 (Car), 54.8 (CBr), 30.6 (CHs3) ppm. HRMS (EI) m/z
C1sH1705Br, calculated: 436.0960, found: 276.0686.

3.2.4 Procedure for ATRP of IGT

Poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH)
was polymerized using an ATRP procedure. MEDSAH (2.8 g, 10 mmol) and the benzaldehyde
initiator (43.6 mg, 0.1 mmol) were dissolved in a methanol/water (4/1 v/v) solvent mixture
(previously degassed by four freeze-vacuum-thaw cycles) and placed in a Schlenk tube reactor.
Subsequently, CuBr (14.3 mg, 0.1 mmol), CuBr2 (2.2 mg, 0.01 mmol) and ligand 2,2’-bipyridyl
(bpy, 46.9 mg, 0.3 mmol) were added to the solvent in another Schlenk tube reactor. Both tubes
were placed under argon atmosphere and stirred. After the catalyst and the ligand were fully
dissolved, the catalyst solution was added to the monomer reaction mixture and the reaction
proceeded at room temperature with stirring. 0.1 mL aliquot samples were taken during the
polymerization using an airtight syringe and purging the side arm of the Schlenk tube reactor with

argon.

The samples were analyzed by *H NMR spectrometry to determine the monomer conversion
and SEC to determine the molecular weight and molecular weight distribution of the polymer
samples. The solvent was removed and PMEDSAH was re-dissolved in TFE and passed through
a neutral alumina column to remove the metal catalysts. The sample was concentrated under
reduced pressure in a rotary evaporator and dialyzed against water. The final product was obtained
by freeze drying. & *H NMR (500 MHz, D20): 10.01 (s, CHO, 1H), 7.72 (s, aromatic, 2H), 7.35-
7.29 (d, aromatic, 2H), 4.54 (s, CH2CH2N), 3.85 (s, J = 107.5 Hz, CH2CH2N), 3.63 (s, NCH2CH>),
3.27 (s, N"(CHa)2), 3.01 (s, NCH2CHz), 2.3 (s, CH2CH>S), 2.1-1.73 (m, CH3CBr), 1.43-1.31 (d,
CHs, 12H), 1.25-1 (m).

3.2.5 Sample preparation for Structural Characterizations

Polymer solutions were prepared in D.O. The polymer concentration was 3 g L* for
turbidimetric measurements. All solutions were equilibrated for about 12 h at the starting
temperature of measurement. Cloud points were determined using a Cary 300 Bio UV-vis

photospectrometer (Varian) equipped with a temperature-controlled sample cell. Absorption was
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measured at a wavelength of 522 nm at temperatures ranging from 5 to 40 °C (using a 0.5 °C min

heating rate).
3.3 Instrumentation

3.3.1 Nuclear Magnetic Resonance spectroscopy (NMR)

H NMR (500 MHz) and 3C NMR (125 MHz) spectra were collected on a Bruker Avance |11
spectrometer using CDCls or D20 as solvent. Chemical shifts are reported in parts per million
(ppm, &) downfield from tetramethylsilane (TMS) using the residual solvent as internal standard
(CDClg3, 7.26 ppm; D20, 4.8 ppm). All coupling constants are absolute values, and J values are
expressed in Hertz (Hz). The description of the signals includes s = singlet, d = doublet,
dd = doublet of a doublet, ddd = doublet of a doublet of a doublet, m = multiplet. The spectra were
analyzed according to first order. Theoretically expected number-average molecular weight, M theo
for RAFT polymerizations are calculated according to

Cm _
My, theo = _conversion X My + Mcra (12)

CTA

where Mw is the molar mass of the monomer, Mcta = RAFT agent molar mass, cm = molar
concentration of the monomer, and ccta = molar concentration of the RAFT agent.??* Theoretically
expected number-average molar molecular weight, My theo for ATRP are calculated according to

M —_ M jon X My, + M (13)
n,theo — conversion M initiator

initiator
where Cinitiator IS the molar concentration of the ATRP initiator and Minitiator iS the molecular weight
of the ATRP initiator.

3.3.2 Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) analysis was performed using water SECcurity? GPC
system (PSS) with a UV-Vis and refractive index (RI) detectors consisting of a NOVEMA Max
10 pum guard column. Flow rate was set at 1 mL min. The eluent used was 80% 0.5 M aqueous
NaBr / 20% acetonitrile. The tests were conducted at 30 °C. Before injection (50 pL), the samples
were filtered through a poly(tetrafluoroethylene) (PTFE) membrane with 0.2 um pore. The Mn and
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D of the polymer were determined by calibration with linear polyethylene glycol (PEG) standards
between 600 and 970000 g mol L.

3.3.3 Differential scanning calorimetry (DSC)

DSC was performed using differential scanning calorimeter Netzsch STA 449 C. The samples
with a weight of about 12 mg were put into an aluminum pan and hermetically sealed. The scans
were carried out under nitrogen atmosphere. The samples were preliminarily heated from 35 to
450 °C, at a heating rate of 10 K min™. Thermograms were recorded and, among others, glass

transition temperatures, crystallization temperatures and melting temperatures were evaluated.

3.3.4 Dynamic Light Scattering (DLS)

The size of the polymers dissolved in water at a concentration of 10 mg ml™* were determined
by DLS using Malvern Zetasizer Nano ZS (Malvern, Germany) equipped with a He-Ne laser
(A =633 nm, max 4 mW) and operated at a scattering angle of 173°. In all measurements, 1 ml of
polymer solution was employed in a 3 ml disposable polystyrene cuvette. The polymer solutions
were filtered through 0.22 um syringe filters (Millipore corporation) prior to measurements.

Sample temperature was maintained at 25 °C.

3.4 Surface Preparation and Characterization

3.4.1 Surface Preparation

Silicon wafers with a native oxide layer (Siegert Wafer GmbH, Aachen, Germany) were cut
into 10 x 10 mm? pieces using a diamond-tipped cutter. Silicon wafers were first silanized with 3-
(trimethoxysilyl)-propyl methacrylate. Gold wafers were prepared on silicon wafers by physical
vapor deposition, with 5 nm titanium followed by 100 nm of gold. Gold wafers were first cleaned
with acetone, ethanol and deionized water, and air dried. 35 mm Tissue culture polystyrene (TCPS)
petri dishes (Thermo Scientific) were used as received. Cover glasses (25 mm x 25 mm, VWR)
were first cleaned with 100% ethanol (VWR), rinsed with deionized water, and air dried. PDMS
samples were prepared by uniformly mixed PDMS prepolymer and curing agent (Sylgard 184,

Dow Corning) at a ratio of 10:1 and were cured at 70°C for 1 h.2%®
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3.4.2 Chemical vapor deposition polymerization of reactive coatings

A custom chemical vapor deposition (CVD) system composed of a sublimation zone, pyrolysis
zone, and deposition zone was used to generate polymer coatings.??® For UVO-initiated free radical
polymerization application, reactive CVD coatings of parylene N (PPX-N) were developed as
platforms for human stem cell growth. In this instance, gold and silicon substrates were used as

surrogates for the cell culture substrates in subsequent materials characterization.

For RAFT polymerization application, around 80 mg of the precursor, PCP-alkyne!! was
sublimed at 100-120 °C under reduced pressure (0.1 mbar) and then pyrolyzed at 510 °C.
Substrates were placed on a cooled stage (15 °C) to promote the physical adsorption of radical
species on its surface. Subsequently, the radical species underwent polymerization to form

coatings composed of poly[(p-xylylene-4-methyl propiolate)-co-(p-xylylene)] (PPX-alkyne).

The ATRP initiator coatings were deposited onto the substrates via spontaneous
polymerization in the form of a thin film bearing bromoisobutyryl ester groups for subsequent
ATRP initiation.'® The starting material was [2.2]paracyclophane-4-methyl-2-bromoisobutyrate.
The starting material was sublimed at 120 °C, followed by pyrolysis at 540-550 °C, and the
materials were deposited in converted form as poly[(p-xylylene-4-methyl-2-bromoisobutyrate)-
co-xylylene] (ATRP initiator coating). Deposition occurred on gold, silicon, and TCPS plates via
spontaneous polymerization. The working pressure during the polymerization was 0.3 mbar and

the deposition occurred on a rotating sample holder that was maintained at 15 °C.

Poly[(4-formyl-p-xylylene)-co-(p-xylylene)] (PPX-aldehyde) was first deposited onto the
substrates (silicon, gold wafers, glass, polystyrene slides or TCPS) via spontaneous polymerization
in the form of a thin film bearing reactive aldehyde groups on the surface.??’” 14 mg of
4-formyl[2.2]paracyclophane precursor was sublimed at 100-120 °C, underwent pyrolysis at
660 °C, after which a thin film of poly[(4-formyl p-xylxlene)-co-(p-xylylene)] was coated on
target substrates. The TCPS, silicon, gold or glass substrates were placed on a cooled sample holder

at 14 °C for polymer deposition. Sample holder was rotated to ensure uniform polymer deposition.

3.4.3 Ultraviolet/Ozone-Initiated Free Radical Polymerization

A 10 L reaction vessel was degassed via vacuum/argon purge. The cycle was repeated three

times. While the reaction vessel was being evacuated, the solvent system consisting of a deionized
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water/ethanol mixture (4:1 v/v) was purged with argon for 40 min. The solvent and the monomer
MEDSAH at 0.06 g/ml were added to the reaction vessel after degassing, and heated to 68 °C.
Free radicals were generated on the surface of TCPS plates to create initiation sites by exposing
them to a 25 min UV/ozone treatment (Jetlight Inc.) prior to polymerization. Silicon and gold
substrates with poly(p-xylylene) coatings were also treated with UV/ozone. These substrates were
used to measure thickness and contact angle. After free radicals have been generated, TCPS and
poly-p-xylylene substrates were placed in the reaction vessel and heated such that the temperature
was raised to 77 °C. The polymerization occurred on the substrates over a 2.5 h time period under
argon atmosphere. Once the process was complete, the substrates were removed rinsed overnight
with a 1% saline (w/v) solution that was maintained at 50 °C to remove any excess monomer.
Subsequent rinsing with 1% saline and deionized water ensured the removal of unreacted

monomer.2%8

3.4.4 Immobilization of RAFT agent

10 mm azide-functionalized RAFT agent (azido-CTA) dissolved in ethanol was introduced
onto PPX-alkyne surface. The substrate was placed under argon at 50 °C for 48 h. After the
reaction, the surface-modified reactive polymer coating was thoroughly washed with copious
amounts of EtOAc followed by ethanol to remove the residual azido-CTA. Finally, the CTA-

modified reactive polymer coating (S-CTA) was dried and stored under argon.

3.4.5 Surface-Initiated RAFT Polymerization

After azido-CTA immobilization, the S-CTA substrates were subjected to SI-RAFT
polymerization using typical Schlenk techniques. For the SI-RAFT polymerization of MEDSAH,
the following procedure was employed. A solution of MEDSAH (0.1 g L), free RAFT agent 4-
Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPA) (0.5 mmol L), initiator 4,4’-azobis(4-
cyanovaleric acid) (V-501) (0.05 mmol L) and a 1:1 2,2,2-trifluoroethanol (TFE)/water (v/v)
mixture was prepared in a two-neck round bottom flask. VV-501 was recrystallized from methanol
before use. The mixture was degassed by three consecutive freeze-pump-thaw cycles, backfilled
with argon and then transferred into each of 4 degassed Schlenk tubes containing the S-CTA
substrates (3 mL/substrate). The reactions were carried out in a preheated oil bath at 80 °C. At

designated time intervals, one vial was removed to determine percent monomer conversion and
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molecular weight of the polymer in solution. Following polymerization, the modified substrates
were washed with TFE, water and dried in a stream of argon. The polymer in solution was dialyzed
against water and freeze dried for purification. Typical polymerization times for PMEDSAH
brushes were 2-8 h.

3.4.6 Procedure for SI-ATRP of zwitterionic monomers

In a typical SI-ATRP run, a 25 mL Schlenk tube was charged with 60 mg (418 pumol) of CuBr,
10 mg (45 pmol) of CuBr; and 168 mg (1 mmol) of bpy. Another Schlenk flask was charged with
1 M monomer. Both the flasks were sealed with a rubber stopper and cycled between vacuum and
argon three times to remove oxygen. The substrates were placed in individual degassed vials. A
20 mL solution of methanol/deionized water (4/1 v/v) in a Schlenk flask was degassed via three
freeze-pump-thaw cycles. The degassed solution was then transferred to both the flasks via a
syringe to prevent atmospheric contamination. After the catalyst was fully dissolved, the reaction
solution from both the flasks were transferred to the vials containing the ATRP initiator-coated

substrates.

3.4.7 Linker Immobilization

The substrate was incubated in acetate buffer containing adipic acid dihydrazide (500 mwm,

pH 4) overnight. Then, the substrates were washed repeatedly with deionized water.

3.4.8 Patterning of interfacial Gemini transporter

A solution containing PMEDSAH (20 pg/mL) in acetate buffer (pH 4) was prepared. This
polymer solution was spread on PPX-aldehyde coatings and the substrates were dried using argon.
Patterned PDMS stamps (square islands of 250 pum x 250 um) were created as previously

described.

3.4.9 Protein Adsorption & fluorescence microscopy

Fluorescein isothiocyanate-labeled bovine serum albumin (FITC-BSA) were dissolved in
10 mm phosphate buffer saline (PBS) solution (pH=7.4) at concentrations of 250 pg/ml. Glass
cover slips patterned with interfacial Gemini transformer were incubated in the solution and was

shaken at room temperature in the dark for 30 min. The patterned substrates were rinsed copiously
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with PBS solution and water and blown dry in a stream of argon and then directly analyzed under
a fluorescent microscope (Axiovert 200M, Carl Zeiss, Jena, Germany). The images were analyzed

with the help of the AxioVision 4.8.2. software. Exposure time of 500 ms was used.

3.4.10 Surface Characterization Methods: Ellipsometry, Infrared Reflection Adsorption

Spectroscopy, Water Contact Angle Goniometry and Atomic Force Microscopy

Thickness measurements using ellipsometry

Film thickness of the different coatings was measured by ellipsometry using a multi-
wavelength rotating analyzer ellipsometer (J. A. Woollam M2000, wavelength range 400-800 nm,
Woollam Co., Inc., Lincoln NE, USA) at an incident angle of 65°. It was operated at a wavelength
of A =532 nm. The experimental data was evaluated using the CompleteEASE software program.
Film thickness measurements were collected by fitting for the ellipsometric delta and psi values
using a Cauchy dispersion multilayer model (Air, polymer brush, initiator, SiO2, Si) with fixed
values of the real and imaginary refractive index of the PMEDSAH coatings (n = 1.58 and k = 0).

Infrared Reflection Adsorption Spectroscopy

To verify whether the desired materials were present on surfaces, infrared reflection adsorption
spectroscopy (IRRAS) was performed. We used a Bruker Vertex 80 spectrometer (Bruker Optics,
Ettlingen, Germany) in the grazing angle configuration equipped with a liquid nitrogen cooled mid
band MCT detector. SAMs of perdeuterated 1-hexadecanethiol on gold were used as a background.
Gold wafers were coated with the desired material and scans were collected from 600 to 4000 cm™
with a resolution of 4 cm™ at an incidence angle of 80°. A baseline, smoothing, and carbon dioxide

peak correction were applied to the spectra.

Atomic force microscopy

Roughness of the surfaces was measured at room temperature with the MFD-3D-BIO (Asylum
Research, USA). Measurements were taken in tapping mode at room temperature in air. A
Multi75AI-G (BudgetSensors, Bulgaria) probe tips with resonant frequency of 75 kHz and spring
constants of 3 N m™ were used for the analysis. Surface roughness measurements were taken at

0.1 Hz scan rate over a 20 x 20 um? and 1 Hz scan rate over a 2 x 2 um? area. AFM software
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(Asylum Research) was utilized to calculate root mean square roughness (Rq). Three values were

taken for each sample and averaged.

Contact angle measurements

Contact angle of a liquid drop is determined by the outermost atomic layers of a surface
(0.1-1 nm). When a drop of liquid is placed on a solid substrate, the drop shape will change under
the pressure of the different surface tensions around the perimeter of the drop, until equilibrium is

reached.

Yiv Vapor

Ysv Yis

Figure 3.1: Components of interfacial tension used to derive Young’s equation

In 1805, Thomas Young expressed the three-phase equilibrium in terms of the vector sum

shown in Figure 3.1, resulting in the following equation of the interfacial equilibrium.??

Ysv — VsL = YLy CoSsby (14)

The Young contact angle 6v is defined as the angle (measured in the liquid) that is formed at the
junction of three phases, typically the solid-liquid-gas junction. In this dissertation, static contact
angles were taken using a contact angle goniometer (Kriiss DSA 100, Germany). Measurements

were taken at three different locations on the same sample and averaged.

3.4.11 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a highly sensitive surface analytical technique. A
surface is irradiated with photons from a soft X-ray source, exciting the electrons in the surface

region. The excited electrons, called the photoelectrons are ejected from the atom. They escape the
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surface with a kinetic energy (Ex) proportional to the difference between the incident photon
energy (Env) and the binding energy of the electron to the nucleus (En) which can be described

using Equation 14.%%°

Ey =Eny —Ep — Ey (15)

where Ey is the work function of the analyzer. Ex can be measured by an energy analyzer and Ey

is a constant and is known for a certain system.

Although X-rays can penetrate micrometers below the surface, only photoelectrons produced
at the surface contribute to the XPS signals. The sampling depth of the XPS measurement varies
with the Ex of the electrons being used. The average distance that electrons travel in the solid

surface without undergoing an inelastic collision is the inelastic mean free path () (Figure 3.2).

/

1A

Figure 3.2: Electron attenuation depth d, inelastic mean free path A and emission angle 6.

The sampling depth is determined by electron attenuation length, d:

d = Acos6 (16)

where 6 is the angle at which particles leave a specimen with respect to the normal to the specimen
surface (z). Typical sampling depth is approximately 3d. The energy range of interest in XPS is
200-2000 eV. In that range, d is < 10 nm. That is the reason why XPS is highly surface specific.
The sensitivity of the XPS measurement is dependent on the spectra background level and the
photoelectron cross section.?*! Almost all elements in the periodic table after helium onwards can

be measured.?®? XPS can be applied to all vacuum compatible materials.
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In this dissertation, XPS was performed on a K-Alpha XPS spectrometer (Thermo Fisher
Scientific, UK) equipped with a monochromated Al Ko X-ray source. The analysis region was a
400 pm spot size. A180° hemispherical energy analyzer operated in the constant analyzer energy
mode (CAE) at 50 eV pass energy was used to measure the kinetic energy of the electrons for the
survey elemental spectra. Thereafter elemental composition was determined by performing high
resolution scans using the K-Alpha charge compensation with a pass energy of 8 eV, and low-
energy argon ion beam was employed to prevent any localized build-up. The spectra were fitted
with Voigt profiles (BE uncertainty + 0.2 eV) and Scofield sensitivity factors were employed for
quantification.?3® All spectra were referenced to the Cis peak (C—C, C-H) at 285.0 eV binding
energy controlled by the photoelectron peaks of Ag, Cu and Au. Data collection and analysis were

performed using the Thermo Avantage software.?*

The potential for the use of XPS in mapping is to identify regions of differing chemical
structure in a sample surface, with a spatial resolution of the order of 15 um.?*®> XPS mapping is
done by collecting images across a two-dimensional field-of-view, rectangular array of small-area
XPS spectroscopy. At each pixel, a spectrum can be extracted and distribution of elements or
chemical states at that pixel can be measured.?®® In this dissertation, The K-Alpha+ snap map
option was used to image the different structures with a spot of 100 um. (5 iterations were run to
reach a better statistic). The obtained spectra were collapsed over the iterations and fitted with help

of a principal component analysis routine to increase the quality of the images.

3.4.12 Tof-SIMS

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) provides detailed molecular
and chemical information from the analyzed surface with an information depth of about 1-2 nm.2%
That makes it a powerful technique to study organic fragments with high mass and spatial
resolution.?®” A focused, pulsed ion beam from a primary ion source (Bi cluster liquid metal or
microfocused Ga) under ultrahigh vacuum conditions is used to bombard the surface of a material
and dislodge molecules from the top 1-2 nm of the surface.?® The resultant particles produced are
then accelerated into a time of flight analyzer and their masses are determined by measuring the
exact time at which they reach a detector.?® The exact time can be detected on a scale of nano-
seconds, producing high mass resolution, with a lateral resolution down to 100 nm.?*® Single ions

(positive or negative) are generated from the closest impact site. Secondary ion mass spectra are
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obtained by analyzing the mass to charge (m/z) ratio of the molecular fragments. The ToF-SIMS
analysis collects both a positive and negative spectrum to give the complete picture over 1000 m/z.
Figure 3.3 schematically shows how primary ion beams interact with a sample to remove material

from the surface.
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Figure 3.3: In Tof-SIMS, high energy focused beam is used to bombard the surface liberating single ions
(positive and negative) and molecular fragments. Reproduced with permission from Hofmann et al.?%,

In this dissertation, ToF-SIMS experiments were performed using a TOF.SIMS5 instrument
(ION-TOF GmbH, Munster, Germany). This spectrometer is equipped with a Bi cluster primary
ion source and a reflectron type time-of-flight analyzer. The analysis beam used for this study was
a Bi source providing short, pulsed 25 keV energy Bisz*. A high lateral resolution of approximately
4 um, and a target current of 0.1 pA at a repetition rate of 5 kHz was maintained. Bi was set in the
“bunched high current” mode for depth profiling (short pulses, high mass resolution). Samples
were pumped down till the pressure in the analysis chamber was less than 5 x 10 mbar. The short
pulse length of 0.8 ns allowed for high mass resolution. Primary ion doses were kept below
10 jons cm? (static SIMS limit) for all measurements. Bis* was typically rastered over a 300 x

300 um? area on the sample. 128 x 128 data points were recorded. Spectra were calibrated on the
omnipresent C, CH”, CH", OH", or on the C*, CH™ and CH3" peaks. Based on these datasets the

chemical assignments for characteristic fragments were determined. Bi was set in the “burst
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alignment” mode for high lateral resolution imaging, providing long pulses and nominal mass
resolution. Here, 100 x 100 pm? fields of view on the sample were analyzed, and 128 x 128 data

points were recorded.

3.4.13 Streaming potential measurement

Most materials have charge-bearing surfaces that are sensitive to electrostatic effects.?** When
a charged surface is introduced into an ionic solution, the balancing counter charges from the
solution concentrate near the charged surface. An electrical double layer model is used to describe
the ionic environment near the charged surface. The charges will not be uniformly distributed
throughout the liquid phase. The concentration of ions will be higher near the surface, and the
concentration will decrease as the distance away from the charged surface is increased. This forms
the diffuse layer. Some of the ions are specifically adsorbed by the surface. The layer between the
charged surface and the diffuse layer where the adsorbed ions are present is called the Stern layer.
The potential at the Stern layer is known as the zeta ()-potential 242243 {-potential indicates the
electric surface properties of a material. Typically, streaming potential measurements are used for

the determination of {-potential of surfaces.?*

Surface

Diffuse layer

Shear plane (Stern layer)

Figure 3.4: Schematic diagram of electrical double layer model at the surface. Bright grey (positive) and
yellow (negative) ions from the ionic solution concentrate near the charged surface introduced
in the ionic solution. This layer is called the Stern layer. The concentration of ions decreases
further from the surface towards the extended liquid phase. The liquid phase between the
surface and the extended liquid is called the diffuse layer. The potential between the Stern layer
and the diffuse layer is known as the {-potential. Reproduced with permission from Cai et al.?*

48



G. Venkidasubramonian

In this work, streaming current measurements for multiple pH values were collected by Dr.
Ramya Kumar. Polymer coatings were prepared as described previously. Measurements were
performed with a SurPASS (Anton Paar GmbH) electrokinetic analyzer. A clamping cell was used
in asymmetric mode?*® to acquire all measurements from the sample across a pH range of 3 to 6.
Polypropylene foil was used as reference. A gap of 100-120 um was maintained between the
sample and the polypropylene reference standard. For each sample, titration was performed from
the neutral to the acidic range using 0.1 M hydrochloric acid as the titrant and 0.001 M potassium
chloride solution as the electrolyte. The pH value was controlled using an automated titration unit,
which effected pH ranges in increments of 0.3, while the electrolyte solution was stirred
continuously. Streaming current was measured with a pair of reversible Ag/AgCl electrodes. The
Helmholtz-Smoluchowski equation®*’ was applied to compute the {-potentials. The streaming
current was measured and recorded at a pressure of 400 mbar, with flow rates of 50-70 ml min™.
The electrolyte solution was purged continuously by bubbling nitrogen gas to prevent carbon
dioxide dissolution and unintended changes in the pH value. Samples were rinsed 3 min before

each measurement to equilibrate the surface against the electrolyte solution.

3.5 Cell Culture

hMSC (a kind gift from Dr. Paul Krebsbach, University of Michigan) are cultured for 7 days
on the various ATRP surfaces and the cell culture work for h(MSC was completed together with
Dr. Thomas Eyster. The media utilized was comprised of the following: alpha-MEM + 10%
Screened FBS + 1% Pen/Strep. In this instance, UVO-grafted PMEDSAMH is utilized as control.
hMSC were seeded at a density of 6000 cells/cm? and were initially fed after 24 h and subsequently
fed every 48 h thereafter.

hESC culture work was done by Dr. Xu Qian and Dr. Tugba Topal. Undifferentiated human
embryonic stem cell (H9) colonies were washed with D-PBS and incubated with accutase non-
enzymatic cell attachment passaging solution for 5-10 min at 37 °C for gentle dissociation of
colonies. Lifted cells were collected with Accutase™ solution and HCCM was added. The solution
was briefly centrifuged. The cell pellet was then dispersed in HCCM supplemented with 5 ng/mL
of human recombinant bFGF and 10 mm ROCK inhibitor.2*® The cell aggregates were removed
by passing the solution through a 40 mm nylon mesh cell strainer. 20,000 cells/mL were then

plated on various ATRP surfaces, IGT-modified substrates and Matrigel-coated substrates and the
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cells were cultured for 7 days. Culture medium was changed every second day. Differentiated cells
were mechanically removed using a sterile pulled-glass pipet under a stereomicroscope

(LeicaMZ9.5, Leica Microsystems Inc., Buffalo Grove, IL).

HSC culture and analyses were performed by Dr. Lisa Rddling. Umbilical cord blood (UCB)
was obtained from the Cord Blood Bank of the German Red Cross (Mannheim, Germany) with
ethics approval obtained from the local ethics committee (Ethik-Kommission bei der
Landesarztekammer Baden-Wirttemberg, B-F-2013-111) and written informed consent of
parents. After isolation, CD34" HSCs was determined by flow cytometry; cells were subjected to
experiments if a minimum of 95% of the cells were CD34". The freshly isolated CD34* HSCs

were cultivated in HematoStem SF Kit with 1% (v/v) penicillin/streptomycin, 2 mm L-glutamine.

“Interfacial Gemini Transformer” surface preparation

IGT-modified substrates were sterilized with UV-light overnight and washed with sterilized
Dulbecco’s phosphate buffer saline (D-PBS). Then the substrates were equilibrated with human
cell-conditioned medium (HCCM) overnight before cell seeding at 37 °C in 5% CO; atmosphere.

Preparation of Matrigel-coated substrates

Matrigel preparation was done by Dr. Tugba Topal. Matrigel™, the gold standard in hESC
culture is used as control. Matrigel™ was diluted to a concentration of 0.1 mg/mL in cold
Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12) and then applied to glass bottom TCPS
dishes (35 mm, 10 mm glass diameter).?*® The coating polymerized during 2 h incubation at room
temperature or 1 h at 7 °C. Excess Matrigel-DMEM/F12 solution was aspirated before plating

cells, and the dishes were then washed with sterilized D-PBS.

3.5.1 Analysis of human pluripotent stem cell culture

The morphology, attachment, and differentiation of hMSC and hESC were evaluated. h(MSC
analysis was done along with Dr. Thomas Eyster. hESC analysis was done by Dr. Xu Qian and
Dr. Tugba Topal. Morphology was assessed by determining the average cell area. For phalloidin
staining, cells on UVO-grafted and ATRP PMEDSAH coatings were fixed in 4%

paraformaldehyde at room temperature for 30 min and washed twice in PBS (5 min each) followed
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by blocking in 1.5% BSA for 30 min. The resulting cells were stained with phalloidin (1:500
dilution from 1000x stock) and Hoechst 33342 (1 um) in PBS for 1 h at room temperature followed
by three additional washes in PBS (5 min each). Images of the cells were taken after 7 days of
culture with the Nikon TE2000-S inverted microscope with a Nikon DS-Ril camera, and then
Image J software (v1.48, NIH) was used to analyze the images. The area of hMSC was found by
counting the total number of cells (as indicated by the number of DAPI stains) and dividing this
number by the total cell area which is measured using the software. For hESC colonies, Image J
software was used to quantify fluorescent intensity.24*2% An outline was drawn around each cell,
and area, integrated density and mean gray value was analyzed. Then several adjacent background

readings were selected. The corrected total cell fluorescence (CTCF) was calculated.
CTCF = integrated density — (area of selected cell x mean fluorescence of background readings)

Cell attachment for hMSC was found by counting the number of cells/colonies present on the

surface after 7 days culture.

3.5.2 Flow cytometry analysis

Flow cytometry was used to assess cell-surface expression of pluripotent markers. hMSC flow
cytometry was done along with Dr. Thomas Eyster. After 7 days of proliferation in complete media
(a-MEM + 10% FBS + 1% penicillin/streptomycin), the hMSC cells were trypsonized and labeled
with 1 pg/ml of antibody conjugated with a fluorescent marker. Specifically, CD73 (PE), CD166,
and CD105 (PE) are used as positive pluripotent markers for h(MSCs. Hematopoietic stem cell
markers CD34 (FITC) and CD45 (FITC) are also utilized as negative controls. Prior to flow
analysis on the stained cells, cells that have not been stained are assessed in order to calibrate the

baseline for subsequent measurements.

hESC flow cytometry was done by Dr. Xu Qian. After week 5, hESC cultured on different
substrates were washed with PBS and harvested by incubation in 0.25% trypsin-EDTA. The
trypsinization reaction was stopped by adding 1 ml HCCM. The cells were then incubated first
with human IgG to block non-specific binding, washed and then incubated with human/mouse
SSEA-4 PE-conjugated antibody, washing was repeated and then analyzed by flow cytometry.

MoFIoR® Astrios™ (Beckman Coulter) was used for analysis using standard procedures.
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Background fluorescence and autofluorescence were recorded using cells incubated with Mouse

IgG1 PE isotype control.

HSC flow cytometry was done by Dr. Lisa Rodling. For HSC, flow cytometry was applied to
analyze CD34 expression and proliferation. To label CD34, 2 x 10* cells were stained with anti
CD34-PE-Cy7 and the respective isotype control for 30 min on ice. After washing the cells were

analyzed on a Cytomics FC 500 flow cytometer (Beckman Coulter, Krefeld, Germany).

3.5.3 Cell Trace Violet-Proliferation Assay

For analysis of cell divisions undergone during culture, the cells were stained with the
CellTrace Violet Cell Proliferation Kit. In brief, freshly isolated HSCs were stained with 5 x 108 m
CelTrace Violet in 1000 pL 0.1% (v/v) FBS in PBS and incubated for 20 min at 37 °C and 5%CO..
5 mL cold 10% (v/v) FBS in PBS was added to stop the reaction. After 5 min of incubation on ice
the cells were resuspended in the appropriate medium and used for further experiments, following

which the CellTrace Violet staining of the cells was analyzed by flow cytometry.

3.5.4 Western blot analysis

Western blot analysis was performed by Dr. Tugba Topal according to a procedure previously
reported.?*® Cells were collected, washed once with PBS and lysed with NP-40 lysis buffer (150
mm NaCl, 1% NP-40 (w/v) and 50 mm Tris-HCL, pH 8), passed through a 30-gauge syringe 10
times and incubated in ice for 10 minutes to generate a whole cell lysate. Lysates were then
centrifuged at 10,000 x g for 30 minutes. The supernatant was quantified for protein concentrations
using the Bio-Rad protein assay with the Biotek Nova Spectrophotometer at 595 nm wavelength.
10 pg of protein lysate was mixed with 3X Laemmli loading buffer (0.125 M Tris-HCI; pH 6.8,
4% SDS, 20% glycerol, 0.004% bromophenol blue, 10% 2-mercaptoethanol) for using in
SDS-PAGE. 10 pL of Precision Plus Protein Dual Color Standards were loaded in one lane for
molecular weight estimation from 10-250 kDa. Novex™ Tris-Glycine SDS Running Buffer (10X)
was diluted to 1X with milliQ filtered deionized water. The protein lysates were separated by
electrophoresis on Novex™ Wedgewell™ 4-20% Tris-Glycine Gels and XCell SureLock® Mini-
Cell Electrophoresis System. at 150 V for 85 min.
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For optimal separation of proteins ranging from 50-75 kDa for S6 kinase 2 (S6K2)
phosphorylation immunoprecipitation analysis, the Novex™ Wedgewell™ 10% Tris-Glycine
Gels were used. Resolved proteins were transferred onto hydrophobic polyvinylidene difluoride
(PVDF) membranes wetted with 100% methanol in Trans-Blot® SD semi-dry transfer cell (Bio-
Rad, cat#170-3940) for 60 min at 24 V constant using 1X transfer buffer (25 mm Tris, 192 mm
glycine, 20% methanol (v/v), 0.5% SDS at pH 8.3). After the transfer, the membranes were
blocked with 2.5% blocking solution in 50 mL 1X Tris-buffered saline, 0.1% Tween20 (TBST,
50 mm Tris-HCI (pH 7.5), 150 mm NaCl, Tween 20) for 30 min at room temperature, followed by
extensive washing with 1X TBST for 30 min.

Before incubating the antibodies, the membranes between the 75 kDa and 100 kDa bands were
cut to optimize for proteins above 100 kDa in size, above 75 kDa and above the 37 kDa membrane
for proteins within those ranges, and between 20-25 kDa for proteins above and below those
ranges.?*® This allows for optimal antibody incubation with the appropriate membranes. The
membranes are then incubated with primary antibodies overnight at 4 °C on a shaker. Then the
membranes were washed with 1X TBST for 30 min (3 times). All washing, and antibody
incubation steps were done on a shaker at room temperature to ensure even agitation. Next, the
appropriate secondary antibody was added and incubated for 1 h. The membranes were washed
with 1X TBST for 30 min. For visualization, membranes were incubated with ECL plus substrate
for 3 min at room temperature and exposed to HyBlot CL autoradiography film. The primary
antibodies used for Western blot analyses are: Oct4, Sox2, KLF4 and PRDM14. 1:1000 dilution
of primary antibodies in 5% BSA in 1X TBST buffer with 0.04% sodium azide were used. Rabbit
antibodies were used. Secondary antibodies for Western blot analyses: a-mouse 1gG (H+L) HRP
conjugate (1:4000 dilution), a-rabbit IgG (H+L) HRP conjugate (1:7500 dilution).

3.5.5 Cell immunofluorescence analysis

hESC on Matrigel coated substrates and IGT modified substrates were washed once with PBS
for 5 minutes and the supernatant was aspirated out of each plate. Cells were fixed in 1 mL Z-Fix
solution for 10 minutes, washed three times with 1 mL PBS for 10 min, added the unmasking
solution (PBS, 2 N HCI, 0.5% Triton X) for 10 minutes and removed it, all at RT. Then, the cells
were incubated in the quenching solution (TBS, 0.1% sodium borohydride) for 10 min, removed
it, permeabilized with 0.2% Triton X-100 in PBS for 10 min and incubated in blocking solution
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(2 mL 5% BSA/1X PBS) for 30 minutes. The samples were then incubated overnight at 4 °C with
1 mL primary antibodies diluted in 5% BSA/PBS. Next day samples were washed three times with
1X PBS for 10 min, followed by 1 h exposure to secondary antibodies. Samples were then washed
twice in PBS for 10 min, incubated for 10 min with DAPI, followed by a wash step with 1X PBS

for 10 minutes. These steps were at RT and in dark conditions.

Nikon Ti Eclipse Confocal Microscope with a water dipping lens (10X) was used to capture
images. The images were recorded with or without 3X digital zoom, in about 1/8 frames per
second, 512x512 pixels image capture, 1.0 Airy Units, two times line averaging, appropriate
voltage and power settings optimized per antibody. Figures were prepared by rotation, image
sizing or gray scale changes. No other modification was done. The following antibodies were used
at the following dilution: Oct4 (1:500 dilution), Nanog (1:100 dilution) and Sox2 (1:500 dilution).
Secondary antibodies used: donkey anti-mouse 1gG, Alexa Flour® 488, donkey anti-rabbit IgG,
Alexa Flour® 594. All secondary antibodies were used at a concentration of (1:1500) with a
working volume of 1.5 mL in 5% BSA/PBS. DAPI stain was used for DNA.

3.5.6 Extraction and purification of total RNA

After washing the plates with PBS, cells were lysed directly on the plated by adding 1 mL of
Trizol Reagent. RNA was extracted after vigorous pipetting.2*® 200 pL chloroform was added to
this solution followed by centrifugation (13,000 g) for 15 minutes. Aqueous phase containing RNA
was separated and mixed with 500 pL isopropanol, followed by overnight storage at 20 °C. Then,
the manufacturer’s RNA clean-up protocol, RNeasy® Mini-Kit (Qiagen, Valencia, CA), with the
optional On-column DNAse treatment was followed. RNA quality and concentration were
checked using a Synergy™ NEO HTS Multi-Mode Microplate Reader (BioTek Instruments,
Winooski, VT).

3.5.7 Quantitative Real-time PCR (gPCR) analysis

Total RNA was isolated from H9 hESC as described in the previous section. Purified RNA
(2.5 pg in 20 pL reaction) was reverse transcribed using a SuperScript™ VILO™ Master Mix Kit.
The synthesis of first-stranded cDNA was performed in the PCR tube after combining SuperScript
VILO, RNA, and DEPC-treated water. The following conditions were used for g°PCR experiments:
10 min at 25 °C in the first cycle, followed by incubating for 60 min at 42 °C, and terminating the
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reaction at 85 °C for 5 min. The 7900HT Fast Real-Time PCR System (Applied Biosystems) with
TagMan Universal PCR Master Mix were used to conduct real-time PCR in triplicate for each
sample using TagMan probes (Applied Biosystems). Primer sequences used for gPCR are listed
in Table 3.1.

Table 3.1: List of primers used in gPCR

Gene Symbol Assay ID UniGene ID

NANOG Hs02387400_g1 Hs.635882

POUSF1 (OCT3/4) | Hs03005111 g1 (FAM-MGB) Hs.249184

SOX2 Hs01053049 (FAM-MGB) Hs.518438

GAPDH Hs02786624 g1 Hs.544577

The comparative Ct method was used to calculate the relative quantity of NANOG, OCT4,
KLF4 and SOX2 gene expression, normalized to Glyceraldehyde 3-phosphate (GAPDH), and was

expressed as the fold change = 2- AACy.2482!

3.5.8 Alkaline Phosphatase Assay (ALP)

ALP assay was done by Dr. Xu Qian. An ALP detection kit from Millipore (#SCR004) was
used for the phenotypic assessment of undifferentiated hESC colonies at day 7.)%° The
recommended protocol was followed. Cells were fixed and rinsed with PBS, incubated in staining
solution in the dark at room temperature for 15 min and prepared for imaging.

3.5.9 Statistical Analysis

Results are the mean values + standard error of the mean (SEM) or mean values + standard
deviation (SD) and are adjusted for outliers. Microsoft Office Excel (Microsoft, USA) was used

for processing the data.
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CHAPTER 4 RESULTS AND DISCUSSION

Long term propagation of human pluripotent stem cells (hPSC) is important as they can serve
as a virtually unlimited supply of cells for applications ranging from drug screening to cell
therapies to understanding human developmental processes.?® Several studies have shown that the
complex microenvironment of the stem cell niche plays a major role in regulating cellular
properties.?>® From a biomaterials’ standpoint, it would be highly desirable to engineer alternatives
that would mimic such a complex microenvironment. Interactions between biomaterial surfaces
and cells alter cell behavior, resulting in beneficial or detrimental effects on their performance.®2%*
In reality, traditionally used feeder layer culture and Matrigel™ substrates have xenogeneic
components, batch-to-batch variation, and processes that do not readily lend themselves to scale-

up from an industrial research standpoint.®2%

The use of hydrogel materials would be beneficial in designing potential stem cell substrates
because their properties can be tuned and altered systematically.®?% With burgeoning interest in
translational research and regenerative medicine, synthetic cell culture systems are the hour of
need. They are attractive due to their low costs, ease of use and bottom-up or top-down design.*
Additionally, a defined biomaterial is needed to comply with good manufacturing practice (GMP)
standards and eliminate the presence of animal-derived products.?®” Although several systems have

been investigated, very few synthetic coatings have been commercially manufactured and sold.

Villa-Diaz et al. developed a fully defined synthetic zwitterionic polymer system, poly[2-
(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl) ammonium hydroxide] (PMEDSAH), by
ultraviolet/ozone (UVO)-initiated free radical polymerization, which sustained the
undifferentiated growth of human embryonic stem cell (hESC) and induced pluripotent stem cell
(hiPSC) in several different culture media, including commercially available defined media for
more than 25 passages.®>'* PMEDSAH is a biomimetic polymeric hydrogel and it is hypothesized
that a layer of proteins/lipids/growth factors is adsorbed on the polymeric material to facilitate
hESC and iPSC proliferation. Section 4.1 describes the efficient functionalization of surfaces via
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UVO-initiated free radical polymerization of MEDSAH onto vapor-deposited polymer coatings

and tissue culture polystyrene dishes.

4.1 Ultraviolet/Ozone-Initiated Free Radical Polymerization

PMEDSAH polymer coatings were prepared using UVO-initiated free radical polymerization
(UVO-grafting).® It was used as a control to compare the reversible deactivation radical
polymerization (RDRP) techniques in the subsequent sections. Silicon and gold substrates were
coated with poly-p-xylylene (PPX-N) via chemical vapor deposition polymerization. PMEDSAH
polymer coatings were then grown from these substrates using UVO-initiated free radical
polymerization. Physico-chemical characterization of these coatings was accomplished by
measuring film thickness. The thickness of the films generated through UVO-grafting was
22 +11.1 nm, analyzed from 500 samples. The film thickness which correlates to molecular
weight and grafting density of the UVO-grafted polymer could not be controlled, resulting in the
large variance in the thickness.!”® This result showed that the film thickness varied with fixed
monomer concentration and reaction time and supported the conclusion that UVO-grafting does

not have the ability to control film thickness.
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Figure 4.1: Fourier transform infrared (FTIR) spectrum of PMEDSAH coating showing distinct bands at
1732 cm™ and 1215 cm™ which indicate the presence of carbonyl and sulfonate groups,
respectively.
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The contact angle of UVO-grafted PMEDSAH was found to be 20° £ 3° and was consistent
with the findings in our lab.}®® The Fourier transform infrared (FTIR) spectrum of PMEDSAH
coated substrates, stored under ambient conditions, showed characteristic bands at 1732 cm™ and
1215 cm that correspond to the carbonyl and sulfonate groups respectively (Figure 4.1). This was
consistent with previously reported FTIR spectra of grafted PMEDSAH brushes.® The result
verified the grafting of PMEDSAH brushes on the surface. h(MSC, hESC and HSC were cultured
from UVO-grafted PMEDSAH coatings. The results of this study will be presented in Section 4.6.

4.2 SI-ATRP of Polymer Brushes on Chemical VVapor Deposition-based

Initiator Films

Though UVO-grafted PMEDSAH coatings could maintain long-term self-renewal of hESC
and hiPSC, and the prospect of commercially using these substrates were promising, the cells
cultured on these substrates cannot be clinically translated without clearly understanding the
underlying mechanism that support hESC self-renewal. Therefore, it was important to understand
the key structural features and functions of the coatings that control pluripotency. The physico-
chemical properties, such as hydrophilicity®, surface topography, surface charge, surface
roughness®®® and stiffness?®°, of the biomaterials has been known to influence hESC expansion.?®
Therefore, the testing of the material properties of PMEDSAH coatings, like thickness, wettability
and surface roughness was undertaken. RDRP techniques, such as surface-initiated atom transfer
radical polymerization (SI-ATRP)?® has enabled to synthesize well defined, tunable polymer
brushes with controlled grafting densities and molecular weight distributions.?®* SI-ATRP
provides exquisite control of polymer brush growth kinetics, which could be used to modify the

interfacial properties of the polymer substrates.

With the goal of identifying the causes and mechanism behind the hESC propagation rates on
PMEDSAH brushes, and to provide a framework for the desired biomaterial design criteria for
hPSC culture systems, PMEDSAH brushes were generated by SI-ATRP using CVD based initiator
coatings. The effect of the variations in the zwitterionic charge distance between the quaternary
ammonium cation and the negatively charged sulfonate ion on the polymerization kinetics, was
also examined. For this, poly[{2-(methacryloyloxy)ethyl}dimethyl-(3-sulfobutyl) ammonium
hydroxide] P(M-2.4-S), a polymer with 4 methylene groups between the positive and the negative
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ions; and poly[{2-(methacryloyloxy)ethyl}dimethyl-(3-sulfohexyl) ammonium hydroxide]
P(M-2.6-S), a polymer with 6 methylene groups between the positive and the negative ions; were
also grown from ATRP initiator coatings and the properties of these brushes as a function of
thickness and wettability were measured. SI-ATRP of zwitterionic monomers is achieved on
vapor-based polymer coatings at room temperature by using a catalytic system of CuBr/CuBr2/bpy
(Scheme 4.1).
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Scheme 4.1: Schematic of ATRP coatings on CVD initiator coatings. N = 3 for PMEDSAH, n = 4 for
P(M-2.4-S) and n = 6 for P(M-2.6-S)).

First, the ATRP initiator coating was synthesized through the chemical vapor deposition
(CVD) polymerization of [2.2]paracyclophane-4-methyl-2-bromoisobutyrate precursor, to form
poly(p-xylylene-4-methyl-2-bromoisobutyrate)-co-(p-xylylene) (PPX-EB).X% The thickness of
the synthesized PPX-EB coatings were determined using ellipsometry and confirmed the
formation of the coating. Additionally, the presence of ATRP-initiating ester bromide functional
groups was confirmed by means of X-ray photoelectron spectroscopy (XPS) and Fourier-transform
infrared (FTIR) spectroscopy. Next, PPX-EB coated substrates were used to grow PMEDSAH
polymer brushes. Kinetic studies were conducted to better understand the polymerization process.
The kinetic plot in Figure 4.2 showed that the propagation rate of the reaction is linear and provides
good control over polymerization. By increasing the ATRP reaction time, the PMEDSAH
thickness increased. Xiao et al. have successfully employed a kinetic model to predict polymer
film thickness as a function of time.1%

Mok, [P ]t 17
Thickness = —[ Jo p[n]O (17)
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where [M]o is the initial monomer concentration, k; is the rate constant of propagation, [P,], is the
concentration of propagation radical, and k: is the rate constant of termination. Figure 4.2 indicates
that this model describes the data well. The thickness of polymer film increases with reaction time
almost linearly, which is typical of an RDRP process. The nonlinearity in the time dependence

indicates termination.
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Figure 4.2: ATRP PMEDSAH film thickness vs time on vapor-based coatings at room temperature
measured by ellipsometry. The data are indicated by the points and the curve shows the best fit
toeq 17.

Furthermore, the wettability of the hydrogels was increased as a result of reaction time, leading

to more hydrophobic brushes (Figure 4.3).
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Figure 4.3: Hydrogel wettability as a function of reaction time for PMEDSAH ATRP modified surfaces.
The schematic represents the architecture of a PMEDSAH brush and its interaction with water.
It is unassociated in the hydrophilic regime. The PMEDSAH brushes switched from
hydrophilic to hydrophobic due to zwitterionic self-association following a transition thickness
regime. Images of representative water droplets illustrate the wettability differences. Schematic
adapted from Qian et al.1%®

In particular, the static water contact angle ranged from 18° for ~20 nm brushes to 75° for
~175 nm brushes. Between these thicknesses, a broad transition regime was observed. The
polymer conformation changes with increasing thickness and ATRP propagation rate.2° Hence the
polymer brush regime changes from hydrophilic when the brushes are unassociated to hydrophobic
due to zwitterionic self-association.8%% Water is excluded from the brush due to the formation of
inter-chain and intra-chain associations between quaternary ammonium cation and sulfonate anion
of adjacent side chains® (Figure 4.3). The result strongly indicated that the length of the polymer
brushes is a determining factor for the hydrophobic transition. Longer polymer brushes are likely
to have increased chain association and thus exclude more water from the brush, explaining the
increase of contact angle with reaction time. Thus, the interfacial properties of the polymer brush
can be tuned through grafting thickness. Then, the zwitterionic charge distance between the
quaternary ammonium cation and the sulfonate anion in the monomer subunit should influence the

chain associations.

To investigate this hypothesis, Kratzer et al.?®? have developed a library of zwitterionic
sulfobetaine methacrylates varying the number of methylene groups between quaternary

ammonium and sulfonate charge centers. Two monomers from the library, M-2.4.S (4 methylene
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groups between the charges) and M-2.6-S (6 methylene groups between the charges), were
polymerized by SI-ATRP using the same conditions used for the polymerization of PMEDSAH

brushes.
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Figure 4.4: Kinetics of PMEDSAH, (P(M-2.4-S)) and P(M-2.6-S) brush growth from vapor based coatings.

Kinetic study with ellipsometry showed that P(M-2.6-S) followed similar reaction Kinetics as
PMEDSAH brushes (Figure 4.4). But thickness was considerably lower compared to the
PMEDSAH brushes for similar reaction time. Contact angle measurements of P(M-2.6-S) after
24 h reaction time was 31+5°, which falls in the hydrophilic regime. Hence, it can be concluded
that the P(M-2.6-S) polymer brushes are unassociated and in the dilute region, which is comparable
to the PMEDSAH brushes of similar thickness.

P(M-2.4-S) did not show ATRP growth kinetics. However, the thickness of P(M-2.4-S) at 24 h
was like the P(M-2.6-S) thickness at 24 h. Contact angle measurements of P(M-2.4-S) after 24 h
reaction time was 67+2° which falls in the hydrophobic regime. Hence, it can be concluded that
the polymer brushes undergo zwitterionic self-association at 65 nm brush thickness. Despite
having similar thicknesses, the gel architecture of P(M-2.4-S) and P(M-2.6-S) were different. One
reason could be because the brush growth of P(M-2.4-S) was less controlled. Another reason could
be that the molecular weight determines the gel architecture. If the length of the polymer chains
would be the only deciding factor, then 65 nm P(M-2.4-S) brushes should be hydrophilic, as
observed with the other two polymeric materials. Therefore, the gel architecture must also be

associated with the zwitterionic charge distance, that would alter the specific intrachain and
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interchain interactions between neighboring chains. However, further studies need to be performed
to optimize the propagation kinetics of P(M-2.4-S) by changing the monomer concentration,
catalyst ratio and reaction time so that the polymerization is better controlled. Until then, we cannot
establish with conviction, the correlation between zwitterionic charge distance and the gel

architecture.

4.3 PMEDSAH Polymer Brushes based on Reversible Addition-
Fragmentation Chain Transfer Polymerization from Chemical Vapor

Deposition Films

The material in this section has been adapted with minor modifications from the following

manuscript.

Gowthamy Venkidasubramonian, Domenic Kratzer, Vanessa Trouillet, Nicolas Zydziak, Matthias
Franzreb, Leonie Barner, Joerg Lahann, “Surface-initiated RAFT polymerization from vapor-

based polymer coatings”

In this section, interfaces were designed using S-RAFT polymerization. RAFT polymerization
is advantageous for the preparation of water-soluble polymer brushes unlike ATRP, which requires
an organic solvent to reduce the rate of propagation for better control of the polymer brushes. The
direct polymerization of MEDSAH on surfaces using RAFT polymerization had previously proven
problematic, even though several research groups have detailed the successful SI-ATRP of
zwitterionic polymer brushes.8%263264 Here, polymer brushes were engineered on vapor-based
coatings presenting reactive alkyne groups (PPX-alkyne) that can be further functionalized with
RAFT agents via “click reactions”. To this end, polymer brushes composed of zwitterionic
monomer MEDSAH from RAFT agent decorated surfaces were prepared in a controlled manner
by S-RAFT polymerization (Scheme 4.2).
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Scheme 4.2: Schematic illustration of the processes of CVD polymerization and the immobilization of the
azide- functionalized CTA (azido-CTA) by copper-free click reaction on the alkyne-
functionalized reactive polymer coatings (PPX-alkyne surface). During the CVD
polymerization process, sublimation occurred for PCP-alkyne at approximately 100-120 °C.
The sublimed paracyclophane was transferred from the source to the pyrolysis zone and
exposed to elevated temperatures of 510 °C to thermally convert them into quinodimethanes.
Finally, the quinodimethanes spontaneously polymerized upon condensation on a cooled
(approximately 15 °C) substrate to generate PPX-alkyne surfaces. The surface-initiated RAFT
polymerization of the MEDSAH monomer from the RAFT agent-decorated surface (S-CTA)
followed.
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4.3.1 Characterization of Vapor-Deposited Substrates

First, the PPX-alkyne was prepared by vaporization and pyrolysis of PCP-alkyne at 510° in
the CVD apparatus. The 1,4-quinodimethanes that were obtained from the pyrolysis of PCP-alkyne
were vapor deposited on substrates at 15 °C forming PPX-alkyne. Approximately 25-30 nm

polymeric coatings of PPX-alkyne were generated and served as the base for subsequent surface

modifications.
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Figure 4.5: IRRAS confirms the presence of (a) PPX-alkyne, (b) PMEDSAH brushes.
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Figure 4.6: XPS measurements of carbon and oxygen content indicate the presence of PPX-alkyne coating.
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This thickness was chosen to ensure relatively good pinhole-free surface coverage and
compatible with XPS analysis (information depth 10-20 nm).?%® Using IRRAS spectroscopy
(Figure 4.5(a)), the alkyne groups (at 3284 and 2118 cm™) as well as the carbonyl group (at
1719 cm™) were verified to be present on the substrate. Next, XPS was used to quantitatively
analyze the carbon and oxygen content of the coatings (Figure 4.6). The Cis spectrum confirmed
the presence of aliphatic and aromatic carbons around 285.0 eV (a weak n-n” transition at ~291 eV)
and C-0 and O—C=0 components at 286.7 eV and 289.2 eV, respectively. The analysis indicated
a composition of 88 £ 5 atomic percent (at%) carbon and 12 + 2 at% oxygen which were in close

agreement with theoretical values.

4.3.2 Surface modification: RAFT agent immobilization and Reversible Addition-

Fragmentation Chain Transfer Polymerization

We hypothesized that the surface modification of PPX-alkyne coated substrates with azido-
CTA will create active sites at the interface that promote S-RAFT polymerization and ultimately
the coating of biomimetic zwitterionic polymer brushes on the surface. To this end, we prepared
surfaces functionalized with PPX-alkyne coatings, then azido-CTA was formed as monolayers on
the surface through a copper-free click reaction (Scheme 4.2).

In order to prepare monolayers of the azido-CTA, we employed the Cu-free 1,3-dipolar
cycloaddition (Scheme 4.2)) to conjugate the azido-CTA to PPX-alkyne, which displays highly
reactive alkyne functional groups.!* XPS was used to confirm the RAFT agent immobilization.
High-resolution Nisand Sz XPS spectra of PPX-alkyne coating before and after the reaction of
the alkyne groups with azido-CTA confirm the successful click chemistry. From the XPS N
spectra in Figure 4.7, it is evident that after the reaction with azido-CTA, the N1s peak can be fitted
with two components attributed to the triazole species. The signal at 401.8 and 400.2 eV
correspond to the single bond and double bond nitrogen of the N=N-N respectively. Elemental
ratios for the three nitrogen atoms are 1.3:2, compared to calculated value of 1:2. Furthermore, the
absence of an azide signal at ~405 eV indicates the absence of nonspecific adsorption of azides
during the reaction. Additionally, no Sy, signal was detected on the PPX-alkyne surface before the

reaction in the high-resolution Sy, spectrum.
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Figure 4.7: () Nis and (b) Sy high-resolution X-ray photoelectron spectroscopy of the PPX-alkyne
coating and the S-CTA.

After the click reaction, the spectra can be deconvoluted into two main signals. The Sy core-
level spectrum consists of a spin-orbit doublet with Szp32 and Szpi2. The Szpsrz at 162.8 eV
corresponds to covalently bonded C=S sulfur group, and the peak at 164.2 eV which corresponds
to the covalently bonded C-S sulfur group. These findings confirmed that CVD coatings can be a

platform for “click chemistries” that are not copper-catalyzed.

Next, RAFT polymerization was performed on these CVD coatings. A design of experiment
was applied to tune the parameters such as the solvent and [CTA]o/[Initiator]o to establish the
optimum polymerization conditions on surfaces. 16 experiments were included out of the total
3 x 4 x 4 = 48 possible experiments of a full factorial design (Table 4.1). The parameters, RAFT
agent/initiator ratio, solvent and salt concentration are known to have a significant influence on

RAFT polymerization and were chosen as experimental factors. The highlighted experiments were
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performed. The RAFT agent decorated substrates were immersed in the monomer solution, which
contains not only the initiator, but also a free RAFT agent. The added RAFT agent was essential
to suppress termination reactions in solution, hence stabilizing the controlled nature of the
system.?®® Each experiment was started after the complete dissolution of the RAFT agent. All
experiments were carried out at 70 °C. During polymerization the radicals are generated in the
solution. The growing macroradical either diffuse to the RAFT agent immobilized on the surface

or it undergoes chain transfer with free RAFT agent in solution.

Table 4.1: Design matrix for the variation of reaction conditions (TFE/H:O solvent ratio; NaBr
concentration; [Monomer]o/[CTA]o/[1]0).

Run 23/:\% g'/j\c/; l\é:/li:’)r [CTALo | [1]o | [Monomer]o
1 1 99 0 0.8 1 1200
2 1 99 0.01 0.8 1 1200
3 1 99 0.5 0.8 1 1200
4 1 99 2 0.8 1 1200
5 10 90 0 0.8 1 1200
6 10 90 0.01 0.8 1 1200
7 10 90 0.5 0.8 1 1200
8 10 90 2 0.8 1 1200
9 50 50 0 0.8 1 1200
10 50 50 0.01 0.8 1 1200
11 50 50 0.5 0.8 1 1200
12 50 50 2 0.8 1 1200
13 100 0 0 0.8 1 1200
14 100 0 0.01 0.8 1 1200
15 100 0 0.5 0.8 1 1200
16 100 0 2 0.8 1 1200
17 1 99 0 2 1 3000
18 1 99 0.01 2 1 3000
19 1 99 0.5 2 1 3000
20 1 99 2 2 1 3000
21 10 90 0 2 1 3000
22 10 90 0.01 2 1 3000
23 10 90 0.5 2 1 3000
24 10 90 2 1 3000
25 50 50 0 2 1 3000
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Run 2\-/'75 87\?) '\éizr [CTAL | [1]o | [Monomer]o
26 50 50 0.01 2 1 3000
27 50 50 05 2 1 3000
28 50 50 2 2 1 3000
29 100 0 0 2 1 3000
30 100 0 0.01 2 1 3000
31 100 0 05 2 1 3000
32 100 0 2 2 1 3000
33 99 0 0.4 1 600
34 99 0.01 0.4 1 600
35 99 0.5 0.4 1 600
36 99 2 0.4 1 600
37 10 90 0 0.4 1 600
38 10 90 0.01 0.4 1 600
39 10 90 0.5 0.4 1 600
40 10 90 2 0.4 1 600
41 50 50 0 0.4 1 600
42 50 50 0.01 0.4 1 600
43 50 50 05 0.4 1 600
44 50 50 2 0.4 1 600
45 100 0 0 0.4 1 600
46 100 0 0.01 0.4 1 600
47 100 0 0.5 0.4 1 600
48 100 0 2 0.4 1 600

Table 4.2: Study of the im

act of design variables on contact angle and thickness

Run

Thickness (nm)

Static contact angle (°)

1

21+0.16

22+0.12

20+£5.13

15+2.46

13 +0.56

19+0.11

13+5.11

12 +2.86

21+16

16.6+2

17+2

44 +11

43+10.8

21.8%5

42 +2

452
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Run | Thickness (nm) | Static contact angle (°)
25 18 +0.26 22+1
26 19+0.5 22+9.4
27 13+55 402
28 24+23 21.9+10
45 2+05 62+3
46 2+0.1 62+3
47 4+5.1 53+2
48 6+25 53+2
20 -
15 H
S
c
~~
0
0
=
< 10 A
Q
c
|_
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Time /h

Figure 4.8: Brush thickness of runs 1, 2, 3 and 28 with time. Run 1: [Monomer]o/[CTA]o/[Initiator]o =
1200/0.8/1 in water/TFE (99:1 v/v); Run 2: [Monomer]o/[CTA]o/[Initiator]o = 1200/0.8/1 in water/TFE
(99:1 v/v) and 0.01 M NaBr; Run 3: [Monomer]o/[CTA]o/[Initiator]o = 1200/0.8/1 in water/TFE (99:1 v/v)
and 0.5 M NaBr; Run 28: [Monomer]o/[CTA]o/[Initiator]o=3000/2/1 in water/TFE (1:1 v/v) and 2 M NaBr.
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Ellipsometry was used to demonstrate the RAFT polymerization of PMEDSAH on the S-CTA
surfaces. PMEDSAH layer was fitted with an n_k fix model assuming an n of 1.58. The thickness
and contact angle of the resulting polymer brush surfaces are listed in table 4.2. Runs 1, 2, 3 and
28 were chosen to further investigate the kinetics of RAFT polymerization on surfaces. Run 1
proceeded with a pseudo-first order kinetic plot indicating a constant radical concentration while

the others did not as can be seen from Figure 4.8.

r 1000

500

-1000

Figure 4.9: Atomic Force Microscopy (AFM) was used to visualize the topography of PMEDSAH brushes.
(@) 2 h; thickness =2 nm, Rq= 0.2 nm; (b) 4 h, thickness = 9 nm, Rq= 1.6 nm; (c) 6 h,
thickness = 14 nm, Rq=3.1 nm; (d) 8 h, thickness =20 nm, Rq= 0.6 nm.
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AFM was used to visualize the topography of grafted PMEDSAH brushes from run 1
(Figure 4.9). Structural features were seen on the substrate with thickness of around 9 nm at 6 h
reaction time with a root mean square (Rq) of the surface roughness of the PMEDSAH brushes of
3.1 nm. This indicated a mushroom regime of the polymer brushes. At 8h, Rq decreases to 0.6 nm
indicating a brush-like regime. Reaction conditions were further tuned to increase the thickness of
the polymer brushes. We chose the reactions of run 41 and investigated whether the polymerization
follows a first order process. However, no polymerization occurred on surfaces. So, another set of
parameters were taken: -the [CTA]o/[1]o ratio was increased to 10/1, and the polymerization data
was collected. However, the brush thickness increased to merely 2 nm after 8 h. Very high

concentration of radicals were generated in solution.

12

10 H

Thickness /nm

0 | | | | | | | |
0 2 4 6 8 10 12 14 16 18

Time /h

Figure 4.10: Dry brush thickness grown from RAFT agent modified reactive polymer coatings by RAFT
polymerization. [Monomer]o/[CTA]o/[Initiator]o = 7500/10/1, temperature = 70 °C.
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Figure 4.11: Change in brush thicknesses with time, measured by ellipsometry, for the polymerization of
MEDSAH from silicon and gold surfaces at 80°C. Reaction conditions =
MEDSAH/CTA/V501 = 7500/10/1.0.

The simultaneous solution polymerization yielded high molecular weight polymers, so it was
not unexpected that the surface had a thin film. To get thicker polymer brushes, the
[Monomer]o/[CTA]o ratio was increased from 600 to 750. Increasing the temperature by 10 °C
increased the rate of the reaction enabling control over polymerization kinetics and giving a film
thickness of about 20 nm after an 8 h reaction (Figure 4.11). We concluded that the conditions
described in Figure 4.11 were the most optimum reaction conditions for the polymerization.
IRRAS measurement showed PMEDSAH brushes on the surface (Figure 4.5) as the C=C stretch
around 2118 cm™ disappear, and there was a shift in the C=0 stretch around 1719 cm™ and the
S=0 stretch around 1208 cm™* which also aligned well with previously reported data.®

74



G. Venkidasubramonian

A B
Cls N1Q N+
0=c-0 C-0,cN CC CH N-N=N PMEDSAH
> £\ PMEDSAH PMEDSAH | >, surface
G f | Xsurface 2 surface @
c L ) D c
] c 2
£ 2 £
o £ hel G
g 8 .qﬂ) s
E S ‘_E“ R
% g S-CTA S ®
=z 5 surface zZ (",’ \:\
> “v»‘ surface
%

290 288 286 284 282406 404 402 400 398 396 172 170 168 166 164 162 160
Binding energy /eV Binding energy /eV Binding energy /eV

Figure 4.12: X-ray photoelectron spectroscopy of Cis (a) Nis (b) and Sy, (c) for PMEDSAH film with a
thickness of 20 nm grafted onto the RAFT agent-decorated surface via SI-RAFT
polymerization.

The XPS high-resolution Cys scan (Figure 4.12) showed an increase in the signal intensity at
289.2 eV corresponding to the O—C=0 group of PMEDSAH. In addition, the signal at 286.7 eV is
indicative of the C-O signal of the carboxyl group of PMEDSAH. From the Nis spectrum, it is
apparent that there is a quaternary ammonium —N(CHzs)2"* signal (402.8 eV) on the S-CTA surface
after grafting of the PMEDSAH.?%" Further, doublets are discernible in the spectrum of the
PMEDSAH surface. The most intensive Sy, doublet with Sxps2 at 168.0 eV corresponds to
sulfonate C-SOz" group in the side chains of PMEDSAH. The other two weaker Sz, doublets with
Szparz at 164.2 eV and 163.0 eV are associated with the C—S and the C=S bonds of the dithioester
end-group.?®® The N*/SO3/0-C=0 ratio was ~ 1:1:1.

Roughness is a potent physical signal in the cellular microenvironment to regulate a diverse
array of hESC behaviors, including their morphology, cell adhesion, self-renewal and
pluripotency.?®® The surface roughness of PPX-alkyne coatings characterized by AFM. Roughness
Rq was 1.1 nm (Figure 4.13). The PMEDSAH brushes grown on the PPX-alkyne coatings had an
Rq of 3.6 nm. The change in surface roughness was not statistically significant. Hence, PMEDSAH
coatings synthesized by S-RAFT polymerization can be categorized as smooth. Smooth surfaces
has been shown to support hESC growth better than nano-rough surfaces with an Rq of 75-150

nm.258
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(a)
PPX-alkyne surface
Ry=1.1nm

(b)
. PMEDSAH surface
Rq =3.6nm
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00 00

Figure 4.13: AFM was used to measure the surface roughness of (a) PPX-alkyne coating and
(b) PMEDSAH brushes. Three-dimensional projections of the surfaces obtained from AFM

imaging of dry substrates. PPX-alkyne thickness = 20 nm. PMEDSAH brush
thickness = 20 nm.
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Figure 4.14: Water contact angle. Vertical error bars represent standard deviation of experimental
measurement.
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Contact angle was measured as a function of brush thickness to determine the wettability
of the PMEDSAH substrates (Figure 4.14). The PPX-alkyne surface and the S-CTA surface
exhibited average contact angles of 103° and 82°, respectively. The PMEDSAH layer had an
average contact angle of 21°, which were comparable to the thin, unassociated PMEDSAH brushes
synthesized by SI-ATRP. In the unassociated state, the sulfonate and ammonium groups in the
side chains interact with water molecules, and not with each other, allowing the polymer to be
fully hydrated, resulting in surfaces with low water contact angle.®® No significant differences in
the contact angle was observed upon increasing the brush thickness to 20 nm.

In conclusion, SI-RAFT polymerization protocol for the synthesis of PMEDSAH brushes were
successfully established. PMEDSAH was in the thin, unassociated state at the highest well-
controlled brush thickness we could obtain by this method. The film thickness was comparable to
the UVO-grafted PMEDSAH films and 1 h ATRP PMEDSAH films. It has already been
established that hESC adhesion is favored on the latter two substrates. Hence, SI-RAFT method
could offset the copper catalyst requiring SI-ATRP and allow us to tune the material properties on

brush surfaces.

However, the grafting-from process is still quite cumbersome, expensive and time consuming.
It requires air-sensitive techniques and instruments like glove box which require specialized skill
to operate. Our goal is to identify design parameters of PMEDSAH coatings that would eventually
lead to a streamlined, established and facile scale-up process that is commercially viable. To this
end, we attempted to develop a “grafting-to” approach to synthesize polymer brushes on substrates.
Interfacial Gemini transporter (IGT) is a novel system with a small hydrophobic functional
segment at the center and two flanking zwitterionic polymer segments. Such a system can be
universally adapted for surface modification, not only on flat substrates, but also on particles, and
complex 3D geometries. In this method, the small hydrophobic segment in the center drives the

immobilization of the polymer in a thermodynamically good solvent, here, aqueous solutions.

The chemical composition of the surfaces and thus the molecular weight of the IGT was
tailored to investigate and optimize the influence of the length of the polymer chains on stem cell
behavior. In section 4.4, IGT with varying molecular weights are utilized for their immobilization
on reactive polymer coatings containing aldehyde groups. Cell adhesion to the IGT-modified
biomaterial surfaces is demonstrated in section 4.6.
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4.4 Preparation of Brushes by Grafting-to Approach

The “grafting-from” approach discussed in Section 4.2 could produce dense, tunable and
functional polymer brushes. However, the “grafting-to” approach is more advantageous for
biomaterials design for hPSC culture platforms because it can be scaled up easily.?”® Thin polymer
films can be produced by the grafting-to approach using a variety of solution-phase processes such
as spin coating, spray coating, and dip coating from a polymer solution. The self-assembly of block
copolymers with various charged blocks relying on hydrophobic or electrostatic interactions to
physically adsorb to the interface is also a very useful method.?’* But these coatings are unlikely
to be mechanically and chemically robust in the absence of covalent bonds between the substrate
and the polymer film.22 It was found that these coatings do not possess long-term stability in
physiological buffers, or conditions where high shear forces are involved. Further chemical
modification of the polymer films on the surface might be hampered by the requirements for the
physisorption to the surface.?’? Covalent anchoring strategies of polymers to surfaces are a
powerful alternative to control the ordering, orientation and functionality of the coated polymer
with molecular precision. In this section, a top-down surface engineering approach toward
developing biointerfaces using a grafting-to approach is discussed. The development of a
standardized, controllable and sustainable hPSC culture platforms is an essential first step for
large-scale cell culture in the future.

Scheme 4.3 outlines the steps of the research strategy involving the top-down surface
engineering approach. The substrates were first coated with poly[(4-formyl-p-xylylene)-co-(p-
xylylene)] (PPX-aldehyde) through CVD polymerization of the precursor 4-
formyl[2.2]paracyclophane (PCP-aldehyde). The thickness of these PPX-aldehyde coatings was
determined using ellipsometry and confirmed the formation of the coating. Additionally, XPS and
IRRAS were performed in order to ascertain that the reactive formyl functional groups were

present.

Next, a zwitterionic sulfobetaine block copolymer consisting of PMEDSAH called “interfacial
Gemini transformer” (IGT) was synthesized. ATRP has enabled the synthesis of polymer brushes
with diverse architectures and functionalities.!’>% IGT was synthesized using ATRP of
MEDSAH using a novel difunctional benzaldehyde ATRP initiator in a mixture of methanol and

deionized water (4/1 v/v) at room temperature for different reaction times.
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Scheme 4.3: Research strategy for coating substrates with the interfacial Gemini transformer (IGT).
(@) CVD polymerization of 4-formyl[2.2]paracyclophane (PCP-aldehyde) to vyield
poly[(4-formyl-p-xylylene)-co-(p-xylylene)]. In Step 1, PCP-aldehyde is pyrolyzed (660°C,
0.16 mbar). In step 2, PCP-aldehyde is polymerized to
[(4-formyl-p-xylylene)-co-(p-xylylene)] (PPX-aldehyde) (14°C, 0.16 mbar).
(c) Immobilization of PMEDSAH IGT using a PPX-aldehyde coating.

Then using a bivalent spacer, chemically coupled the IGT onto the CVD coated surfaces using
hydrazide chemistry.??” The marriage of the hydrophilic sulfobetaine and hydrophobic
benzaldehyde moieties produced a surfactant, which, when in aqueous environments, drove the
interaction of the benzaldehyde to the surfaces of the hydrophobic CVD films. To confirm the
successful coating of IGT on the substrates, we employed XPS and Tof-SIMS. As a proof-of-
principle, microcontact printing («CP) was used to show the straightforward linkage of IGT to the
CVD surface. This evaluation was done by XPS mapping, ToF-SIMS and fluorescein-conjugated

bovine serum albumin.
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4.4.1 Design of the interfacial Gemini transformer with tailored chain lengths

The aldehyde-functionalized benzaldehyde initiator 2-bromo-2-methylpropionic acid
3-(2-bromo-2-methylpropionyloxy)-5-formyl-phenyl ester was prepared according to a procedure
outlined in scheme 4.3(b). While free radical polymerization of PMEDSAH is generally effective,
the length of the polymer chains could not have been controlled. Subsequently, the aldehyde
functional group in the initiator would not have been available for further functionalization, as it
would have been buried under the polymer chains. Thus, ATRP was used. Here, IGT was
synthesized by ATRP of the MEDSAH monomer with 2,2"-bipyridyl (bpy) ligands and
benzaldehyde initiator in methanol/water (4/1 v/v) solution. (Scheme 4.4b). The concentration of
the MEDSAH was 1 M and the target DP was 100. These conditions gave nearly quantitative
monomer conversion in 2 h. The polymer product was purified by elution through a short plug of
neutral alumina to remove the copper impurities. Then, the polymer product was dialyzed against

water and subsequently freeze-dried to obtain a white solid.

Monomer conversion was analyzed using *H NMR spectroscopy to confirm the formation of
the polymer. The monomer alkene signal at 5.67 and 6.12 ppm disappeared, and the broad signals
centered around 1 ppm for the methylene groups of the polymer backbone appeared. The signal at
10 ppm, arising from the aldehyde group, was used for the number-average molecular weight
estimation by NMR (Figure 4.15).

The semi-logarithmic plot of monomer concentration vs. time for the polymerization of
MEDSAH is shown in Figure 4.16. A linear plot of Ln([M]o/[M]s) vs time was obtained, indicating
that the number of propagating species remained constant. The rate of polymerization is fast, a
monomer conversion of 75% was reached after 3 h at room temperature. The conversion leveled
off after that timepoint. Proper control of the polymerization reaction is important for controlling
the properties of the product. Therefore, different reaction conditions of the polymerization were
investigated to optimize IGT polymerization to be able to prepare desired sizes of IGT molecules

based on the biomaterials design.
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Figure 4.15: *H NMR spectrum of interfacial Gemini transformer in D,O.

a b
1.8
i A
% .t = = 164 4
704 £ N N
1.4 1
© 60 - A 2 4
< 1.2 1
s 50 .
? = 1.0 a
5 404 <
= < 0.8
8 304 pr
0.6
204
0.4
10+
0.2
0 T T T T T T
0 1 2 3 4 5 6 0.0 T T T T T T
Time / h 0 1 2 3 4 5 6

Time/h

Figure 4.16: ATRP polymerization kinetics of IGT synthesized using benzaldehyde initiator. (a) Monomer
conversion (A) vs time and (b) In([M]u[M]) (A) vs time. Reaction conditions:

[M]o:[benzaldehyde initiator]:[bpy]o:[Cu(l)]o = 100:1:3:1 in methanol/water (4/1 v/v) at room
temperature.
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Table 4.3 lists IGT prepared using different reaction conditions, with molecular weights
estimated by aqueous size exclusion chromatography (SEC) and *H NMR analysis (integrating the

signals of 10 and 3.84 ppm).

Table 4.3: MEDSAH polymerization using benzaldehyde initiator

Sample [M]o/[17o/ Time Conv (%) M th Mn *HNMR) M, (SEC) b
[CuBr]o/[bpy]lo  (min) (gmol™) (gmol™) (gmol?)  (Mw/My)

1 25:1:2:3 300 80 5600 5500 2300 1.2

2 100:1:2:5 300 63 17900 17800 9500 1.4

3 100:1:1:2 60 64 17900 20600 6700 1.2

4 100:1:1:2 25 21 5900 4600 5600 1.2

Differential scanning calorimetry (DSC) was used to determine the glass transition temperature
of the IGT. IGT exhibited a melting point close to 250 °C. DLS measurements showed an average
hydrodynamic diameter of 44 nm with PDI 0.326 (Figure 4.17). The electrical double layer
surrounding the polymer in DI water will have long-distance interactions. Hence, the size obtained

is always 2-10 nm larger than the actual size.?"®
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Figure 4.17: Representative hydrodynamic diameter measurement by DLS of interfacial Gemini
transformer in water.
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Figure 4.18: Light absorbance of a 1 gL*, 3 gL and 10 gL solution of IGT3s7kgmor* in H20. The lines
show CPucsrand CPcst; (green --) for 1 gL, (black --) for 3 gL and (purple- - - ). The lines
are guides to the eye. Cooling runs not shown.
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We investigated the temperature-dependent phase behavior of IGT in water by turbidimetry
(Figure 4.18). Two heating/cooling scans were used in every measurement to offset the effects of

sample preparation.
CPucst(3.57 kgmol™?, 1 gL ™) =23.5 + 0.5 °C and CPrcst(3.57 kgmol™?, 1 gL 1) =6.7 £ 0.5 °C.

CPucst(3.57 kgmol?, 3 gL ) =33.5+ 0.5 °C and CPLcst(3.57 kgmol?, 3 gL™?) = 12.4 + 0.5 °C.
CPucst(3.57 kgmol?, 10gL™?) =74.2 £ 0.5 °C.

The measured UCST cloud point for 3 gL IGT was similar with the ones around 30 °C reported
in the literature for PMEDSAH with molar masses 4.35 x 10° gmol™.2’* Three regimes were
distinguished in the absorbance curve (Figure 4.19). In the middle regime, the solution was turbid
indicating the formation of aggregates. The phase transition of 1 g L2 IGT was broad. For 10 g L™*
IGT, the absorbance was 100% at the start of the measurement and the phase transition was broad.
In leftmost and the rightmost regime, only a maximum of 45% of the light was absorbed, i.e., they
were translucent. The absorbance changed sharply between the regimes. Increasing the polymer
concentration 3 times increased both the CPLcstby 5 °C and CPucst by 10 °C which is a significant
difference. Polymer solution at 10 g L™ did not exhibit a CP.csr at the investigated temperature
range. Thus, CP.cstand CPucst of IGT were sensitive to the polymer concentration. Zwitterionic
PMEDSAH brushes have not exhibited an LCST temperature before. The reasons for the findings
seem complex, suggesting a certain extent of hydrophobic interactions between zwitterionic
chains. The precise molecular structure of IGT combines the LCST and UCST behaviors between
0 and 100 °C in aqueous solutions which is interesting for applications in biomedical applications.
In future, small-angle neutron scattering (SANS) could be used to determine the structure of IGT.
Different structure formations at UCST and LCST transition would further elucidate the behavior
of IGT. These findings would be important to generate well defined, tunable biomaterials for hPSC

culture platforms.

4.4.2 Synthesis and characterization of reactive coatings and IGT-modified substrates

From Scheme 4.4(c) shown above, IGT was assumed to be immobilized on vapor-based

polymer coatings. To verify this hypothesis, the “grafting-to” process was done in three steps:

e Reactive coatings consisting of aldehyde groups were synthesized by CVD polymerization.
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e Immobilization of the dihydrazide linker adipic acid dihydrazide (ADH)

e IGT was “grafted to” ADH decorated substrate by an aldehyde-hydrazide reaction

4-Formyl[2.2]paracyclophane (PCP-aldehyde) functional precursor was synthesized via
“Rieche” formylation of [2.2]paracyclophane.??’ CVD polymerization of the resulting dimer
yielded PPX-aldehyde polymer (Scheme 4.4(a)). XPS analysis of the PPX-aldehyde reactive
coating revealed that the elemental composition was in close agreement with the theoretical values
derived from the molecular structure. Table 4.4 summarizes the elemental composition of the PPX-

aldehyde reactive coating.

Table 4.4: XPS analysis of PPX-aldehyde coated on silicon substrates. Silicon contamination probably
from the vacuum grease constituted 1.4 at% , which accounts for the discrepancy in the
theoretical and experimental values. The theoretical values agree well with literature?’,

Elements C (1s) O (1s)
(Chemical states) C-C/IC-H C-C=0 Cc=0 T—m

BE [eV] 285 286.7 287.8 291.3 532.4
Calculated [at%o] 83.2 5.6 5.6 - 5.6
Experimental [at%] 79.9 1.9 3.1 3.2 10.5

High resolution scans of the Cis region were performed in order to quantify signals from the
aliphatic C—C bonds, C-C=0 bonds and the C=0 from the aldehyde as shown in Figure 4.20(c).
The distribution of areas under each of the fitted peaks matches the theoretical contribution from
each component, which provides additional validation that the PPX-aldehyde reactive coating was

synthesized successfully.

Figure 4.19 displays IRRAS spectrum of PPX-aldehyde coatings.
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Figure 4.19: IRRAS confirms the chemical structures of PPX-aldehyde reactive coating and IGT-modified
substrates.

PPX-aldehyde and “reactive coating” is mentioned interchangeably as it provides an aldehyde
reactive group on the substrate. PPX-aldehyde coatings require an additional activation step for

linkage of polymers.

Typically, bivalent spacers containing hydrazide groups are used for aldehyde-functionalized
polymers.22":27> Specificity of hydrazides towards aldehydes makes them superb binding agents
for immobilization of 1GT.?"® Modification of carbonyl-containing surfaces by dihydrazide
homodifunctionalized linkers form hydrazine bonds on one side while yielding alkyl hydrazide
spacers on the other side, making it suitable for subsequent reaction with formyl-containing groups
available in IGT.2® Adipic acid dihydrazide linker was first immobilized on PPX-aldehyde by
reacting it to the aldehyde groups on the coating via aldehyde-hydrazide coupling. Adipic acid
dihydrazide was chosen as the linker due to its intermediate-length spacer arm, which leads to
accessible reactive sites for further reaction to 1GT.2”® Hydrazide-modified surface was further
reacted with IGT.

IGT (1% wi/v) with different molecular weights (5-10 kg mol?, 24 kg molt) were immobilized
on the substrates. Brushes were generated with a thickness of 2.1 + 1.3 nm, for molecular weights

from 5 kg mol"*~10 kg mol™. The thickness of the IGT film of molecular weight 24 kg mol™* was
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8 + 2.8 nm. The surface coverage, I' (mgm2), was calculated from the ellipsometry thickness of
the layer, h (nm), by
['=hp (18)

where p is the bulk polymer density (1.34 g cm=)?"". Therefore, I' of IGT (5 kgmol™-10 kg mol™)
was 2.81 mg m?. T of IGT (24 kg mol™) was 10.72 mg m. The chain density, £ (chains nm),
i.e., the inverse of the average area of the attached chain, was determined by

[NA(10721 19
s = % = (6.023T x 100)/M, (19)
n

where Na is the Avogadro’s number and My (g mol™?) is the number average molar mass of the
grafted polymer. Chain density values are shown in Table 4.5. The value represents the upper

bound value for the grafting density of the IGT layer.

Table 4.5: Chain Density

M, (gmol™?) Thickness (nm) I' (24 kgmol™) ¥ (chains/nm?)
5000 21+13 281 0.34
6453 21+13 281 0.26
7000 21+13 281 0.24
8089 21+13 281 0.21
9000 21+13 281 0.19
10810 21+13 281 0.16
24180 8+28 10.72 0.27

The IRRAS spectra (Figure 4.19) of IGT surfaces showed the presence of bands at 1492 cm
for CH2 bending and 1723 cm™ for C=0 stretching. The C-N* stretching band (1652 cm™) is

characteristic of quaternary ammonium group.?’® The band at 1169 cm™ is characteristic of
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sulfonate asymmetric stretching.?”® Again, this confirmed that the IGT polymer was successfully

grafted to the surface.

(a) Sy SOy (b) N N 0=C-N (C) Cis

N-N
C-C,C-H

C-O, C-N,

PMEDSAH

N

N n-n* 0-C=0
SO,
PMEDSAH

PMEDSAH

Intensity /a.u.
Intensity /a.u.
Intensity /a.u.

Adipic acid

dihydrazide
Adipic acid dihydrazide Adlplc aqd
MMA—\N\M/\ dihydrazide|

PPX-aldehyde

PPX-aldehyde MASAASAAAAANA N AA A A AN PPX-alde-

\N\J\»MW_W hvde

T T T T T T T T T T T T T T

172 170 168 166 164 406 404 402 400 398 294 292 290 288 286 284 282
Binding energy /eV Binding energy /eV Binding energy /eV

Figure 4.20: XPS characterization of IGT. (a) Szp, (b) Nis and (c) Cis XPS spectra.

XPS data showed peaks at 167.8 £ 0.1 eV for Szpsi2, and 402.9 + 0.2 eV for Nis quaternized
amine of PMEDSAH and were consistent with the structure of the resulting brushes. The ratio of
N/S measured by XPS was found to be 1.1 instead of 1.0, an observation consistent with other

reports®28 (Figure 4.20).

The surface charge of PMEDSAH brushes was investigated via {-potential (Figure 4.21). The
{-potential of IGT-4 kgmol™ was less negative than surface-initiated ATRP 93 nm thick coating.
In addition, IGT-8 kgmol™* and IGT-14 kgmol™ coatings exhibited more negative charge than the
105 nm thick coating in the neutral range of pH values. Lower isoelectric pH is the consequence
of higher density of exposed sulfonate groups on dilutely grafted polymer chains. IGT-6 kgmol*
coatings are the closest to the surface-initiated ATRP 93 nm thick brushes. The water contact angle
of IGT-6 kgmol™ was 52 + 12.8°, like the moderately associated SI-ATRP PMEDSAH brush that
had a contact angle of 45°. The negative surface charge may be related to the slight N/S imbalance
of 1.1 measured in these brushes via XPS. The unreacted MEDSAH monomer has also known to
show an N/S imbalance when measured by XPS.?° The IGT coating was chemically stable in a

dry-air environment.
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Figure 4.21: (a) Zeta potential values of IGT-modified coatings and PMEDSAH coatings polymerized
through surface-initiated ATRP. (b) Evolution of isoelectric pH of different substrates.

Samples could be stored for several weeks under dry air without losing its functionality, as proved
by using stored samples for cell culture experiments. The cells adhered equally well to freshly

prepared samples and stored samples.

Control on localization of biomaterials in specific zones can assist in precise engineering of
the cellular microenvironment. To demonstrate the controlled deposition of IGT molecules on
surfaces, IGT was patterned on reactive coatings using microcontact printing (LCP) with lines and
square island patterns PCP is a widely used soft lithographic technique that has been used to
modify CVD coatings.'%%81282 For example, Nandivada et al., used pCP to pattern hydrazide
linkers to PPX-aldehyde films.??” The patterned hydrazide moieties served as binding partners for
the subsequent immobilization of a polysaccharide, 2-a-mannobiose, via an alkyl-hydrazide
linkage which further reacted with formyl groups on the disaccharide.. For patterning IGT,
elastomeric stamps comprised of PDMS were inked with the IGT polymer following a protocol
established by Schmid et al..?® The hydrazide moieties on the substrate reacted to the aldehyde

functional group in the IGT.
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Figure 4.22: (a) Controlled deposition of fluorescent-labeled bovine serum albumin (BSA) occurs in areas
where zwitterionic interfacial Gemini transformer (IGT) are absent. No protein adsorption
occurs in domains where the IGT are grafted. (b) Fluorescence-labeled bovine serum albumin
only adheres to regions where IGT is absent. Scale bar is 200 um. (b), (c), (d) ToF-SIMS

snapshot of SO, and SOsH™ fragments reveal high sulfonate intensity where IGT is present
but very weak signals where IGT is absent. Scale bar = 500 pm.

The patterned IGT was characterized using time of flight-secondary ion mass spectroscopy
(ToF-SIMS) as shown in Figure 4.22, where SO2™ and SOzH" fragments were focused on. A strong

contrast in these signals was observed owing to the high thickness and density of the IGT in the

patterned areas compared to the linker present in the untreated regions. High molecular weight
fragments, m/z 150, C4HsNSOs3'; m/z 166, CsH12NSOz', were also observed that were characteristic

to the PMEDSAH fragments in the patterned areas, confirming that patterned IGT is controlled to
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the regions where IGT was grafted. Zwitterionic sulfobetaine brushes have exceptional resistance
to non-specific adsorption.?®42% |t was hypothesized that IGT should lead to the selective
deposition of proteins such as bovine serum albumin (BSA) on domains where the IGT was not
grafted. BSA was chosen since serum albumins are the most abundant proteins in blood and they
are known to show non-specific adsorption on surfaces. Figure 4.22(b) shows a fluorescence image
of this substrate after incubation. IGT prevents adsorption of BSA in regions where it is present

(lines). BSA was spatially restricted to the square islands of the substrate surface where IGT was
not coated.
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Figure 4.23: Negative ToF-SIMS spectrum of IGT bound to reactive polymer via adipic acid dihydrazide
spacer: (a) reactive polymer coating, (b) adipic acid dihydrazide spacer, (c) IGT.
Characteristic peaks are mentioned here. (d) Negative ToF-SIMS spectra of the

PPX-aldehyde, adipic acid dihydrazide surface and immobilized IGT. SOzH" ion peak is
found only in IGT.

Characteristic peaks of functionalization of PPX-aldehyde with adipic acid dihydrazide spacer

in the negative ion ToF-SIMS mode are observed at m/z 26 (CN") and 42 (CNO") (Figure 4.23(b)).
The positive ion spectrum also has peaks characteristic to the spacer at m/z 18 (NH4+) and

32 (N2H4").287 In comparison, the negative spectrum of IGT bound to PPX-aldehyde showed
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characteristic PMEDSAH fragments, at m/z 32 (S), 64 (SO2’), 80 (SOz), 79 (Br’), and higher

fragments at m/z 166 (CsH12NSOs') and 150 (C4HgNSO3 ). These fragments clearly confirmed that

IGT was immobilized on the substrate.
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Figure 4.24: (a) XPS mapping of lines and square island pattern of IGT. (b), (c) Principal component
analysis of all Sz, and Nis spectra from the 1.5 x 1.5 mm?area.

Finally, XPS measurements of the patterned substrates were conducted to understand its

elemental composition. As seen in Figure 4.24(a), the intensity map of the Sy, signals recorded in
the snap-shot mode shows the spatial location of SO3™ content. The intensity variations of the SO

signal between the lines where IGT was present and the square islands where IGT was absent
demonstrate the successful patterning of the substrate. The measured binding energies of N1s and
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Szp signals on the lines consistently indicate the characteristic signals of PMEDSAH (N™ and SO3")

and the square islands exhibit different binding energy shifts. The XPS mapping agreed well with
the conclusions from the chemical maps generated by ToF-SIMS, where there were strong
contrasts in sulfonate content between patterned and non-patterned areas. The XPS mapping,
fluorescent protein patterns and ToF-SIMS together suggest that the patterning strategy was
successful and the micro-structured polymer brushes could be prepared with the “grafting-to”
approach using IGT. Patterned polymer brushes could be used to prepare biosensors and surfaces

to control specific deposition of proteins.

Next, to verify that the IGT-modified substrates could be used as cell culture substrates, human
embryonic stem cells were cultured on them. The results of these experiments are described in
Section 4.6.4. In summary, a modular molecular system was developed with zwitterionic polymer
brushes that could modify any substrate containing a complimentary reactive group to that present
on the IGT. By allowing the zwitterionic bushes to attain a brush thickness of 2-8 nm on surfaces,
these IGT-modified substrates could be used to adhere and expand human embryonic stem cells,

even when the grafting density was low.

The disadvantage of synthesizing IGT by ATRP is the additional step required to remove the
copper catalyst residues from IGT molecules before use. Metal catalyst residues make ATRP
ineffective for biomedical applications.?®® RAFT polymerization represents a powerful toolbox to
synthesize a wide variety of polymers with controlled architectures, defined end group
functionalities, controlled molecular weights, and narrow dispersity using mild conditions (such
as aqueous solutions and room temperatures). RAFT is one of the most useful and amenable
fabrication strategies for generating polymer brushes for potential biotechnology and biomedical
applications. RAFT polymerization achieves good control over hydrophilic polymer synthesis
with polar functional groups.?® Given the prominent utility of RAFT polymerization, it was
hypothesized that this process would provide an easier way to synthesize zwitterionic polymers in

solution, by avoiding the use of copper during the reaction.
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4.5 RAFT Polymerization in Solution

Though RAFT polymerization holds the promise of facile synthesis of zwitterionic polymers
in solution, the reaction parameters need to be optimized to develop biomaterials that ensure
successful cell culture. In this section, the synthesis and characterization of zwitterionic
sulfobetaine methacrylate polymers with varying charge distance were investigated. These
polymer brushes can be easily grafted to the surface for the development of cell culture substrates.
Donovan et al. had synthesized PMEDSAH by RAFT-mediated polymerization in solution®*°
using 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (CPA) in 0.5 M NaBr aqueous solution
at 70 °C, which gave successfully controlled molecular weight and narrow b (<1.1).
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Scheme 4.4 RAFT-mediated polymerization of [2-(methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl)
ammonium hydroxide (MEDSAH), [2-(methacryloyloxy) ethyl] dimethyl-(3-sulfobutyl) ammonium
hydroxide (M-2.4-S), and [2-(methacryloyloxy) propyl] dimethyl-(3-sulfopropyl) ammonium hydroxide
(M-2.6-S) in 0.5 M NaBr solution at 70°C, using 4,4 -azobis(4-cyanopentanoic acid) (V501) as the
thermally degradable initiator and 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (CPA) as the chain
transfer agent.

Using the same reaction conditions as starting point, three zwitterionic monomers were chosen
from the existing library in our lab to investigate and optimize the RAFT polymerization reaction

conditions (Scheme 4.4). Specifically, three process parameters were considered: a) an optimal
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RAFT agent, b) RAFT agent/initiator ratio, c) solvent. The first important process parameter was
the chemical structure of the RAFT agent. Dithiobenzoates are typically selected to control
methacrylate polymerization because they have a Z-group that will help stabilize the intermediate
radical.’2 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPA) provides a good control of
zwitterionic polymers.?®* Hence, it was chosen as the RAFT agent. 4,4"-azobis(4-cyanopentanoic
acid) (V501) was used as the initiator. All polymerizations proceeded with a monomer
concentration of 1 mol L. The second important process parameter was the ratio of CTA to
initiator. The rate of the polymerization is usually controlled by maintaining the CTA:initiator ratio
in the range of 5-10.172 The initiator concentration is key to process control since the number of
radicals generated by the initiator is directly related to the polymerization rate of the system. The
third important process parameter is the solvent. An optimal solvent would dissolve all the
components in the reaction system giving a homogenous mixture. It would not react and deactivate
the components in the system. It would give a higher polymerization rate. A higher polymerization
rate would shorten the polymerization time to reach full conversion. Polar solvents are known to
stabilize the transition state of propagating radicals, thus achieving kinetic control of the
polymerization.?®? Hence, aqueous solvent and trifluoroethanol (TFE) were investigated.

The applicability of the same conditions for all three monomers were tested. Here, we aimed
to evaluate the relationship between molecular weight of the polymers and reaction time. The
molar ratio of the parameters is monomer/CTA/initiator ([M]o/[CTA]o/[1]o) = 1500/5/1. As they
have not been extensively studied, the aim was to investigate whether the three monomers form
polymers that increase in molecular weight with reaction time and have narrow molecular weight

distributions, which is typical of RDRP techniques.

Figure 4.25 illustrates the kinetics of MEDSAH polymerization at the conditions described
above. In the SEC trace (Figure 4.25(b)), the shifts in peaks towards a higher retention volume
with reaction time indicated a gradual increase in the molar mass of the polymer with reaction
time. Figure 4.25(a),(c) showed the increase in conversion with time and linear increase in

molecular weight with conversion, respectively.
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Figure 4.25: (a) Semi-logarithmic and conversion vs. time plots demonstrating MEDSAH polymerization,
(b) Shifts in SEC peaks with the MEDSAH RAFT polymerization, (c) evolution of
PMEDSAH molecular weight and dispersity (/) with conversion, in 0.5 M NaBr solution
using V501 as initiator and CPA as the chain transfer agent at 70°C and
[M]o/[CTA]o/[1]o = 1500:5:1

Ln ([M]o/[M]) vs. reaction time was linear indicating a pseudo-first order reaction with respect
to the monomer concentration with an apparent propagation rate constant (Kapp) of 0.306 min™.
This indicated a well-controlled PMEDSAH polymerization under the given conditions. Low
dispersity (D) were also observed even for higher molecular weight polymers. A summary of the
polymerization Kkinetics is shown in Table 4.6.
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Table 4.6: Evolution of molecular weight and D for MEDSAH polymerization using
[M]o/[CTA]W/[1]o = 1500:5:1

Reaction Conv./% Mn (theory) (x Mn (SEC) (x Muw (SEC) x b
time/h (NMR) 10%/g mol* 10%/g mol* (10%/g mol?
1 11 0.94 0.68 0.87 1.27
2 27 2.26 1.2 1.48 1.24
3 44 3.67 1.86 2.16 1.21
4 59 491 2.44 2.94 1.21
5 70 5.82 2.86 3.55 1.18
6 78 6.48 3.16 3.78 1.19
7 85 7.06 3.3 4 1.21
8 89 7.39 3.52 4.08 1.19

Next, the solution properties of PMEDSAH were investigated. Temperature-dependent
measurements by DLS showed that PMEDSAH of M, = 60,700 gmol™ with a D of 1.22 decreased
from 44.14 £ 5.3 nmat 10 °C to 5.2 £ 1.94 nm at 60 °C, indicating that the UCST value was within

the temperature range 10-100 °C, and hence is desirable for therapeutics and biosensors.
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Figure 4.26: (a) Semi-logarithmic and conversion plot vs. reaction time; (b) shifts in SEC peaks;
(c) evolution of PMEDSAH molecular weight and dispersity () with conversion, with MEDSAH RAFT
polymerization in 0.5 M NaBr, using the initiator V501 and chain transfer agent CPA at 70°C with a target
DP of 600 and [CTA]o/[1]o = 2.5.

Kinetic studies under the condition of [M]o/[CTA]o/[I]o = 1500:2.5:1, and the results showed
a conversion of around 53% in the first hour (Figure 4.26(a)). Higher amount of initiator with
respect to CTA generated more radicals and hence termination reactions set in at around 5 h. It
turns out, using more initiator increased the polymerization reaction rate. A linear plot of
In([M]o/[M]) vs time appeared up to monomer conversion of 96%, indicating the first order
kinetics with respect to monomer concentration. The linear relationship between M, and
conversion as well as the relatively low H (< 1.23) further demonstrated the good polymerization
control (Figure 4.26(c)). SEC curves (Figure 4.26(b)) showed unimodal and narrow distribution.

The MEDSAH polymerization in water was found to be very fast. Another factor is that the
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dissolution of solid phase V501 and CPA in pure water was difficult. Addition of 50 mm NaOH
improved the dissolution. However, at least 3 h stirring was still required. Considering the above
reasons, MEDSAH RAFT polymerization was carried out in TFE. TFE was shown to be a
thermodynamically better solvent than aqueous salt solution for PMEDSAH.?® TFE readily
dissolved V501, CPA and MEDSAH and a homogenous mixture was obtained. MEDSAH RAFT
polymerization in TFE proceeded quickly but in a poorly controlled manner, leading to a high

molecular weight distribution higher than D = 1.4 (Figure 4.27).
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Figure 4.27: (a) Semi-logarithmic and conversion plot vs. reaction time; (b) shifts in SEC peaks;

(c) evolution of PMEDSAH molecular weight and dispersity (P) with conversion, with
MEDSAH RAFT polymerization in TFE, using the initiator V501 and chain transfer agent
CPA at 70°C with a target DP of 300 and [CTA]o/[I]o = 5.

99



G. Venkidasubramonian

100

@

80

60

404

Conversion /%

20~

= Conversion
In([M]o/[M])

app

k., =0.2637 h?

In([M]o/[M])

2 3 4 5
Time /h

6

7

o

27
Retention Volume /mL

35000
32500 -
30000 -
27500
25000
22500
20000
17500
15000
12500

M, /g/mol

10000

5

30 40

60 70 80 90

Conversion /%

Figure 4.28: Polymerization of M-2.4-S in water: (a) plot of conversion and In([M]o/[M]) as a function of
polymerization time; (b) SEC trace; (c) evolution of molecular weight and P with monomer
conversion in 0.5 M NaBr solution at 70°C using [M]o/[CTA]o/[1]o = 1500:5:1.
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Table 4.7: Data for M-2.4-S polymerization in water using [M]o/[CTA]o/[1]o = 1500:5:1.

Reaction Conv./% M (theory) (x | Mn(SEC) (x | Mw(SEC) (x b

time/h (NMR) 10%)/g mol* 10%)/g mol* | 10%)/g mol™
1 21 1.88 1.21 1.56 1.28
2 35 3.11 1.8 2.27 1.26
3 46 4.09 217 2.82 1.24
4 60 5.32 2.63 3.34 1.24
5 69 6.11 2.93 3.69 1.2
6 77 6.82 3.15 3.76 1.23
7 83 7.35 3.34 4.35 1.25
8 87 7.7 3.47 4,34 1.3
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Figure 4.29: M-2.4-S polymerization in TFE using initiator V501 and RAFT agent CPA at 70 °C
[CTA]o/[1]o = 5. Conversion determined by NMR vs time.

101



G. Venkidasubramonian

100 (a)

80 A = Conversion
e In([M]o/[M])

60

40 1

Conversion /%

Kapp = 0.4026 min'®

204

O T T T T T
0 1 2 3 4 5 6 7 8

Time /h

29000 (C)
28000 e D
270001
26000 -

25000

M, /gmol™*

24000

23000

22000 -

0

T £ T T T T T

0 5 70 75 80 8 90 95 100
Conversion /%

Figure 4.30: Polymerization of M-3.3-S: (a) plot of conversion and In([M]o/[M]) as a function of
polymerization time; (b) SEC trace; (c) evolution of molecular weight and  of M-3.3-S with monomer
conversion in 0.5 M NaBr solution at 70°C using [M]o/[CTA]o/[1Jo = 1500:5:1, confirming controlled
polymerization.

Polymerizations with M-2.4-S and M-3.3-S were conducted, and the corresponding results are
summarized in Figure 4.28-4.30. P(M-2.4-S) was soluble in water and possessed low D
characteristic of optimal RAFT polymerizations (Figure 4.28). M-2.4-S was polymerized in TFE.
Figure 4.29 shows that the M-2.4-S polymerization at 70 °C only achieved 4% conversion until
8 h. The polymerization of M-2.4-S in TFE was not carried out in a controlled manner. Hence,
TFE was not an appropriate solvent for M-2.4-S RAFT-mediated polymerization. Results for the
polymerization of M-3.3-S showed that the polymerization rate was fast. A high monomer
conversion of 75% was achieved after 10 h of reaction (Figure 4.30). The molecular weight

distribution was narrow.
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To conclude, we examined the differences in the polymerization kinetics of three zwitterionic
monomers with varying charge distance. The objective was to find the optimum RAFT conditions
for MEDSAH polymerization in solution and whether the effects of varying the zwitterionic charge
distance on the polymerization kinetics. The controlled nature of MEDSAH polymerization was
demonstrated by the kinetic study with the following conditions: [M]o/[CTA]o/[1]o = 1500:5:1 at
70 °C in an aqueous 0.5 M NaBr solvent. PMEDSAH showed low dispersities (9<1.3). Using
MEDSAH polymerization as a model, we examined the polymerization kinetics of M-2.4-S and
M-3.3-S under similar reaction conditions. In M-2.4-S polymerization, the propagation rate or Kapp
is around 0.26 h%, which indicated a comparable propagation rate to PMEDSAH (Kapp = 0.3 h™).
In M-3.3-S polymerization, the propagation rate constant was around 0.4 h*, indicating a faster
polymerization rate than PMEDSAH and P(M-2.4-S). Additionally, & the of the resulting
polymers were narrow. Thus, the optimum process parameters for the RAFT polymerization of
zwitterionic monomers in solution are a) using a dithiobenzoate RAFT agent, b) a CTA/initiator
ratio of 5/1, and c) an aqueous 0.5 M NaBr solvent. In addition, the zwitterionic charge distance
varied the propagation rate of the polymerization, reiterating the role of zwitterionic charge
distance in the material properties of PMEDSAH. A recommendation to future investigators is to
modify the polymers by post-translational modification to introduce clickable azide groups that

can then be clicked to the alkyne group presenting CVD coatings, in a “grafting-to” approach.

4.6 Investigation of Human Stem Cell Growth on Various Substrates

After the surfaces were generated and fully characterized, cellular response could be assessed.
Since it would be beneficial for a synthetic culture substrate to be compatible with multiple stem
cell lines/types, the behavior of hMSC, hESC and HSC on the synthetic surfaces was evaluated.
hMSC were evaluated in terms of cell attachment and morphology after 7 days of culture. hESC
were evaluated based on cell attachment, morphology and differentiation after 5 weeks of passage.

HSC were evaluated at the end of a 7-day culture.
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4.6.1 Propagation of hematopoietic stem cells on UVO-grafted PMEDSAH coatings

In Villa-Diaz et al.*3, UVO-grafted PMEDSAH polymer coatings were used for long-term
maintenance of hESC in an undifferentiated state. UVO-grafted PMEDSAH coatings have also
been used for long-term culture of iPSC.2** However, this platform had not been explored for the
culture of HSC. HSC play a crucial role in the generation of blood and immune cells. The ability

to expand clinically relevant HSC populations in vitro is still lacking.
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Figure 4.31: HSC proliferation assays were performed by Dr. Lisa Rodling at Karlsruhe Institute of
Technology. (a) The percentage of CD34 positive cells was determined after HSC culture for
7 days on tissue culture polystyrene and UVO-grafted PMEDSAH surfaces. The CD34
isotype control is shown in red. (b) The proliferation of the cells is visualized by plotting the
number of events against the CellTrace Violet fluorescence intensity. Each peak indicates a
subpopulation of cells that has undergone a certain number of cell divisions. The lower the
fluorescence intensity the more the dye was diluted in cell division events and thus more cell

divisions have taken place.

The aim was to investigate the influence of UVO-grafted PMEDSAH coatings on HSC
adhesion and proliferation. Umbilical cord blood cell cultures were cultured on UVO-grafted
PMEDSAH coatings and compared to tissue culture polystyrene surfaces. Flow cytometry was
used after 7 days of culture on the two different surfaces to determine the expression amount of
retained CD34. Similar results were obtained from both surfaces regarding CD34 expression
(Figure 4.31). Cell proliferation assay was performed after 7 days of culture on the two surfaces
to test the influence of PMEDSAH on HSC differentiation. No significant differences in the
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number or type of colonies were found (Figure 4.31(b)), indicating that the UVO-grafted
PMEDSAH coatings had no impact on HSC differentiation.

The total number of cells in culture at the end of 7 days on UVO-grafted plates was found to
be like the number of cells cultured on the control TCPS plates. In summary, these findings showed
that UVO-grafted PMEDSAH coatings does not affect cell viability, proliferation and
differentiation. These results were also a propelling factor to control the material properties of the
PMEDSAH coatings to investigate whether changing the physico-chemical properties would
improve the proliferation of the HSC with reduced differentiation. Hence, RDRP techniques were

employed to fabricate substrates with tunable material properties.

4.6.2 Propagation of human mesenchymal stem cells on ATRP PMEDSAH coatings

The experiments in this section was done together with Dr. Thomas Eyster. Cells were assessed
on the various ATRP surfaces and UVO-grafted surfaces. Concerning cell attachment, more h(MSC
were found on ATRP modified surfaces than on the UVO grafted surfaces (Figure 4.32). After 7
days of culture, differences in cell morphology were apparent for the different surface treatments.
HMSC cultured on the UVO-grafted surfaces were larger than those on the ATRP modified
surfaces. This may occur as a result of there being fewer cells adhered on the UVO-grafted surface
which affords more area for spreading and thus larger cell areas on average. However, the cell
sizes on the various ATRP surfaces were comparable indicating that the thickness and thus the
corresponding wettability differences have little influence on cell morphology (Figure 4.33).
Additionally, the cell count on the different ATRP surfaces increased compared to the UVO-
grafted PMEDSAMH surfaces (Figure 4.33).
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Figure 4.32: Characterization of hMSC on PMEDSAH UVO-grafted surfaces, 1 h, and 12 h and 24 h
ATRP surfaces. Fluorescence micrographs of colonies stained with phalloidin and DAPI
nucleic acid stains. Scale bar = 200 pm.
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Figure 4.33: (a) Average number hMSC counted on different surfaces after 1 week of growth, (b) Average
cell area (pixels) of hMSC grown on different surfaces as observed after 1 week of growth.

Since very little difference was noted in the morphology between the ATRP modified surfaces,
subsequent experiments with hMSC were done on the 1h ATRP coated surface with ~27 nm thick
hydrogel. This work was done together with Dr. Aftin Ross?®® and Dr. Thomas Eyster, University
of Michigan. It was used to quantify the extent of cell differentiation as the cells were stained with
fluorescent dyes for the pluripotency markers of interest.
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Figure 4.34: Flow cytometry was performed to measure the expression of (a) CD 73 (b) CD 90 (c) CD 105
(d) CD 34 and (e) CD 45 on hMSC cultured on ATRP substrates after 1 week to determine
the percentage of cells expressing each marker.

CD73 is an enzyme in humans that commonly serves to convert AMP to adenosine. It is
expressed in mesenchymal stem cells. Hence it is used as typical positive pluripotent markers for
hMSC (Figure 4.34(a)). Characterization of CD73 suggested that the surfaces consisted of a
significant number of pluripotent cells and showed differentiation potential. CD90 is a 25-37 kDa
heavily N-glycosylated, glycophosphatidylinositol anchored conserved cell surface protein with a
single V-like immunoglobulin domain. It is used as a positive marker for hMSC. The cultures
grown on UVO-grafted PMEDSAH and ATRP PMEDSAH showed positive expression for CD90
(Figure 4.34(b)). The high levels of CD90 expression in UVO-grafted PMEDSAH and ATRP
PMEDSAH cultures suggested that hMSC are undifferentiated in culture.
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CD105 is a transmembrane glycoprotein located on cell surfaces and is a part of the TGF beta-

receptor complex.%

It is highly expressed in undifferentiated hMSC. The expression of CD105
surface markers (Figure 4.34(c)) suggested that the hMSC have retained their pluripotency on
UVO-grafted and ATRP PMEDSAH surfaces. CD34 protein expression is used as a negative
marker for hMSC. CD34 negative cells represented ~2% of the human mesenchymal stem cell
population on all surfaces. CD45 antigen (Leukocyte Common Antigen) is expressed on almost
all hematopoietic cells except for mature erythrocytes.?®’ It is also used as a negative marker for
the characterization of pluripotent hMSC. Negative expression of CD45 on cells grown on the
ATRP surface indicated that ATRP PMEDSAH surfaces maintained hMSC in their pluripotent
state. Based on the dot-plots, these cells had low levels of CD45 (~ 9%) on their surface. The
results did not reveal any significant difference between UVO-grafted PMEDSAH and among
ATRP PMEDSAH substrates. This showed that the interfacial properties of the substrate do not
influence the culture of hMSC. ATRP PMEDSAH coatings were able to maintain mesenchymal
stem cell markers for 7 days. In conclusion, ATRP PMEDSAH-based coatings support hMSC

culture and the cells were viable.

4.6.3 Propagation of undifferentiated hESC on ATRP PMEDSAH coatings

Influence of thickness material property of ATRP PMEDSAH brushes on stem cell function
was investigated. UVO-grafted PMEDSAH coatings were used as control in this study. 20,000 of
hESC, cultured initially as single cells, were incubated on UVO-grafted PMEDSAH and ATRP
PMEDSAH brush coatings with three different thicknesses. Cell adhesion was found by counting
the number of cells present on the surface after 7 days of culture. The total cell number ratio
compared to the UVO-grafted PMEDSAH coatings was quantified prior to each passage to new
dishes. They were passaged weekly for five weeks. hESC colony growth was monitored for these

five weeks and optic al images were acquired after 5 passages of proliferation on day 7 of culture.
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Figure 4.35: The representative optical images were acquired (10x) for different substrates after 5 passages
on day 7 of culture.
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Figure 4.36: Plot of total cell number ratio compared to UVO-grafted PMEDSAH coatings used as control
after 5 weeks, indicated ATRP PMEDSAH brushes with 93 nm hydrogel thickness lead to a higher total
cell number compared to other experimental groups. n = 3; *p < 0.05; data presented as mean * standard
deviation (SD).
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Alkaline phosphatase provides supportive evidence that cells are in the pluripotent state.?%

ALP was used to determine the colony size and density differences of cells on the different
surfaces. Colony sizes were different between the different coatings, after 5 passages (Figure 4.35).
Enhanced cell adhesion was observed on 93 nm ATRP PMEDSAH substrates compared to the
other substrates. The yield of hESC after 5 passages on each substrate was calculated assuming all
cells obtained at each passage were sub-cultured, instead of the 20,000 cells that were

propagated.'% The theoretical yield of cells was determined from the formula
CN, X TNp41 (20)

Nty = —57500

where CN was the calculated total cell number, TN was the total cell number in the determined

week and n represented the culture week.

The hESC cultures grown on the 93 nm thick brush plates that have moderately self-associated
PMEDSAH coatings had 2.3-fold more cells compared to hESC cultures grown on UVO-grafted
PMEDSAH plates (Figure 4.36). Using eq 20, it was estimated that 20,000 hESC cultured on the
moderately self-associated PMEDSAH brush coating, expanded over a period of five weeks to
yield up to 4.7 billion undifferentiated cells.!*® Additionally, there is a significant difference in the
propagation rate of hESC expanded on the brushes with unassociated (27 nm) and highly
associated (178 nm) polymer brush coatings. Thus, moderately self-associated PMEDSAH
polymer brushes significantly facilitated the expansion of hESC. These studies determined that
thickness, and in turn, wettability material properties strongly influence the proliferation of
undifferentiated hESC on PMEDSAH substrates, thus contributing to the design of PMEDSAH

polymer brush cell culture platforms

We assessed hESC cultures after the 5™ passage for SSEA-4, a key marker of pluripotency. It
is a regulatory transcription factor necessary for the maintenance of the hESC pluripotent state.
Flow cytometry was used to quantitatively assess the expression of SSEA-4 in hESC (Figure 4.37).
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Figure 4.37: Flow cytometry analysis performed by Dr. Xu Qian, University of Michigan. hESC cultured
on different substrates after the 5" passage was analyzed by flow cytometry to determine the
percentage of SSEA-4 expressing cells. Background fluorescence and autofluorescence were
determined using cells without treatment (-Control) and treated with Mouse IgG1l

Phycoerythrin Isotype Control (PE).

As expected, flow cytometric analysis revealed that the percentage of SSEA-4" cells were

~99% in all substrates.'® The results were not significantly different (p>0.05) between the ATRP-

modified coatings and UVO-grafted coating. We found that hESC were strongly positive for

SSEA-4 as compared to control cells stained with non-specific IgG. The results revealed that the

cells were pluripotent on all the PMEDSAH coatings, and that the different gel architectures

influence the number of cells grown on the brushes but maintain pluripotency of the cells

regardless. Thus, modifying the extent of zwitterionic self-association of PMEDSAH coatings

enhance the propagation rate of hESC.
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4.6.4 Screening IGT-modified polymer coatings for hESC colony adhesion

Before conducting experiments to examine the long-term maintenance of hESC on IGT-
modified surfaces, we needed to establish the optimum chain length of IGT molecules to be grafted
to the surfaces that would maintain the pluripotency of the cells. Adhesion of 20,000 hESC/plate
plated on substrates modified with IGT of six different molecular weights (5-10 kgmol™) was
examined to investigate and find an optimum polymer chain length of IGT that will help in the
adhesion of hESC. We wished to verify whether a trend in hESC adhesion is observed with
increasing molecular weights of IGT molecule.

Throughout the two passages, H9 hESC were observed to adhere to five of the six different
coatings, albeit at different rates. Plates coated with IGT with a M, of 6 kgmol™ were observed to
have higher cell adhesion than the plates that had been modified with the other molecular weight
polymers. No attachment was observed on IGT modified substrates with a M, of 8 kgmol™. At the
center of the self-renewal of hESC are the transcription factors Sox2, oct4 and NANOG, whose
expression is precisely and tightly regulated in hESC. Immunofluorescent staining of OCT4,
NANOG and SOX2 after each passage was strong when cultured on the five different coatings.
Thus, hESC remained pluripotent on all the substrates investigated for 2 passages except for IGT
modified substrates with M, of 8 kgmol™? (Figure 4.38). 6 kgmol™* and 9 kgmol* IGT-modified
substrates had more cell spreading than the other substrates. Though there were differences
visually on how the cells adhere to the different 1IGT-modified substrates as observed in
Figure 4.38, no trend could be observed in hESC adhesion with increasing molecular weight IGT

modified substrates.
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Figure 4.38: Cell culture and analysis performed by Dr. Tugba Topal at University of Michigan.
Fluorescence micrographs of colonies of H9 cells cultured on IGT-modified substrates and
Matrigel with different molecular weights for 2 passages in human cell-conditioned medium
showing expression of hESC markers: DAPI, OCT4, NANOG and SOX2. Scale bars, 50 pum.

In addition to immunofluorescence staining, the cells were examined for the expression of
pluripotency markers for the two passages using quantitative reverse transcription PCR (RT-PCR)
analysis®®® (Figure 4.39). Results demonstrated that the RNA expression levels of hESC markers
OCT4 for IGT-5 kgmol™ (0.8 fold change), IGT-6 kgmol™ (0.9 fold change), IGT-7 kgmol™ (0.9
fold change), IGT-9 kgmol™ (1 fold change) and IGT-10 kgmol™ (1.1 fold change); KLF 4 for
IGT-5 kgmol? (0.9 fold change), IGT-6 kgmol? (0.9 fold change), IGT 7 kgmol? (1.2 fold
change), IGT-9 kgmol™ (0.9 fold change) and IGT-10 kgmol™? (1.7 fold change); and SOX2 for
IGT-5 kgmol™ (0.4 fold change), IGT-6 kgmol? (0.3 fold change), IGT-7 kgmol™* (0.4 fold
change), IGT-9 kgmol™ (0.6 fold change) and IGT-10 kgmol™? (0.5 fold change); compared to
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levels expressed by cells cultured on Matrigel (Figure 4.39). The results revealed comparable RNA
expression levels of KLF 4, OCT4 and SOX2. Though, from the figure, the fold change RNA
expression levels look different qualitatively, no significant differences were found between hESC

cells cultured on the different IGT-modified substrates and Matrigel.
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Figure 4.39: Analysis performed by Dr. Tugba Topal at University of Michigan. Relative transcript levels
of KLF4, OCT4 and SOX2 from hESC cultured on different IGT-modified substrates and

Matrigel at passages 1 and 2 after analysis in RT-qPCR.
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Figure 4.40: Western blot analysis of OCT4 and NANOG markers expression of hESC cultured on
Matrigel and the different IGT-modified substrates after the first (left) and second (right)

passage of culture.
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Further, Western blotting was utilized to investigate the expression of OCT4 and NANOG in
hESC cultured on Matrigel and the different surfaces of IGT-modified substrates (Figure 4.40). A
protein band of approximately 37 kDa corresponding to the predicted size of NANOG was detected
in cells cultured on all IGT-modified substrates. The result suggested that OCT4 expression in
hESC cultured on the different IGT-modified substrates and Matrigel did not change. However,
the expression of NANOG was clearly downregulated for hESC cultured on the different IGT-
modified substrates except for IGT-9 kgmol™ compared to cells on Matrigel substrates.

(a) Passage 2 Passage 3
M -

Matrigel
Matrigel

_ \

; ]
1 =
) o
& &
MMatrigel MIGT-6 kgmol-1 M Matrigel MIGT-6 kgmol-1 M Matrigel MIGT-6 kgmol-1 M Matrigel MIGT- 6kgmol-1
2 2 2 3
25
1.5 15
2
1 1 1.5
1
0.5 0.5
0.5
0
9 Oct4 Nanog Sox2 Oct4 Nanog Sox2 Oct4 Nanog Sox2 0 Oct4 Nanog Sox2
Passage 2 Passage 3 Passage 4 Passage 5
(c) N @6\:\ 6\é\,\ 6\0\;\ @o\,\
& > > >
&0 /\Q‘q & /\,b‘*g & «,6‘9 & ,\g,"q
NS W 6 W 6 RS

Nanog .- '. .' "
i am- o e o
5

Passage# 2 3 4

Figure 4.41: IGT-6 kgmol* supports hESC stemness. (a) Fluorescence image of hESC colonies cultured
on IGT-6 kg mol* modified substrates and Matrigel showing expression of pluripotent
markers after the second and the third passage. Primary antibodies OCT4, NANOG and
SOX2 were used to detect the expression of these markers from hESC cultured on IGT-6 kg
mol= and Matrigel substrates. (b) Relative transcript levels of OCT4, NANOG and SOX2
from hESC cultured on IGT-6 kg mol? substrates for passages 2-5 had no significant
differences compared to hESC cultured on Matrigel substrates. (c) Western blotting of OCT4
and NANOG markers expression of hESC cultured on Matrigel and the IGT-6 kg mol*
modified substrates after 2-5 passages.
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Since all the substrates showed pluripotency markers of hESC, IGT-6 kgmol™* modified
substrates were selected for long-term hESC. This is because these coatings had the closest
&-potential to the grafting-from ATRP 93 nm-thick PMEDSAH brush coating that showed a
significant increase in the expansion rate of hESC as described in Section 4.6.2. For “grafting-to”
polymer brushes, the thickness of the brushes does not considerably increase based on the polymer
chain length when compared to the “grafting-from” polymer brushes. Hence, the surface charge
and the contact angle were compared with the SI-ATRP PMEDSAH brushes. IGT-6 kgmol*
modified substrates had a similar surface charge and contact angle (52°) compared to the SI-ATRP
PMEDSAH brushes (45°).

Cells grown on IGT-6 kgmol* modified substrates with HCCM, was able to support the
propagation of undifferentiated hESC colonies for five passages. When H9 hESC were cultured as
single cells on IGT-6 kgmol™* modified substrates, the number of undifferentiated colonies were
comparable to the Matrigel control group. Throughout the five passages in HCCM, expression of
characteristic pluripotent hRESC markers were confirmed by immunofluorescent staining of OCT4,
SOX2 and NANOG, which are associated with the undifferentiated state of hESC (Figure 4.41(a)).
No significant differences in the relative transcript levels were observed among the IGT-modified
substrates and the Matrigel control group (Figure 4.41(b)). Taken together, these results

established that the IGT-modified substrates support hESC colony formation and expansion.

In summary, a commercially viable method to functionalize substrates for use in hESC culture
was demonstrated. The IGT-modified substrates were found to support self-renewal of
undifferentiated hESC in in vitro cell culture conditions tested here; that is culture using HCCM.
This type of process method utilizes CVD polymerization of modified parylenes, which is a
commercially available technique. To gain valuable insight into the role of IGT molecules in
maintaining self-renewal of hESC, different molecular weights of IGT were synthesized and
immobilized on PPX-aldehyde coatings. Then, H9 hESC were cultured on these substrates.
Matrigel is the most widely used substrate for feeder-free hESC culture.?® Therefore, it was used
as a control in the experiments. Though initial cell attachment to the different substrates happened
at different rates, and in some cases, the rate of growth of cells were slower when compared to
other molecular weight substrates, no significant differences in the growth of hESC were observed
after two passages from the different molecular weight IGT-modified substrates. However, in the
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end, the cells grown on the different molecular weight substrates proliferated and expressed

pluripotency markers.

IGT-6 kgmol™ modified substrates were chosen to investigate five-week hESC expansion.
This substrate was chosen because its surface charge was the closest to the “grafting from” ATRP
98 nm thick coating that was shown to significantly higher total hRESC cell number than the other
experimental groups in Section 4.6.2. In addition, hESC retained their pluripotency after five
passages during culture on IGT-6 kgmol™?, which indicated that IGT-modified surfaces would be
a potential cell culture platform.

These findings are well aligned with the long-term goal of large-scale production of clinical
grade hESC. PMEDSAH is a synthetic polymer coating that does not contain motifs that would
likely mimic ECM proteins like laminin or RGD.' However, a6B1 integrin has been identified as
the dominant integrin present in hESC growing on PMEDSAH grafted plates by Villa-
Diaz et al..>® They also demonstrated that the cells express laminin a5. This suggests that hPSC
also contributes to remodeling the substrate in which they are cultured by secreting and depositing
new ECM.3%
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CHAPTER 5 CONCLUSIONS & FUTURE DIRECTIONS

5.1 Conclusions

The main objective of this dissertation was to develop a method for growing embryonic stem
cells in an undifferentiated state without the need for xenogeneic components and further decouple
the physicochemical properties and cues that determines the embryonic stem cell fate. The
engineering approach we proposed was the use of reversible deactivation radical process, in which

the zwitterionic polymer brushes can be prepared on surfaces by RAFT polymerization or ATRP.

In summary, zwitterionic polymer brushes were extensively used to tailor the interactions of
biomaterial surfaces with cells and biomolecules. By borrowing these powerful chemical motifs
from nature, and amplifying them in the form of polymer brushes, we established a modular
functional materials platform wherein architecture and spatial presentation can be independently
controlled. Synergies with chemical vapor deposition (CVD) polymerization were identified and
exploited to discover optimal polymer brush design parameters for several biomedical

applications.

In Section 4.1, free radical polymerization of a zwitterionic hydrogel, poly[2-
(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH), developed
in our lab is presented. PMEDSAH coatings have been shown to be stable and robust after a
prolonged storage period.® Here, the variability of the PMEDSAH coating process is proved,
supporting the need for biomaterials design with tunable material properties for pluripotent stem
cell culture systems. Next, the PMEDSAH coatings were investigated for the proliferation of
hematopoietic stem cells (HSC). In the first investigative trial, it was found that PMEDSAH
coatings have little impact on the proliferation of HSC compared to tissue culture polystyrene
plates. Controlling the physicochemical properties of the material might lead to higher

proliferation.
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In Section 4.2, reactive CVD coatings of [2.2]paracylophane-4-methyl 2-bromoisobutyrate
(PPX-EB) were used as ATRP initiator coatings to grow three zwitterionic hydrogels, PMEDSAH,
P(M-2.4-S) and P(M-2.6-S) polymer brushes from the surface using surface-initiated atom transfer
radical polymerization (SI-ATRP). The thickness of the polymer brushes was measured by
ellipsometry. The thickness of the PMEDSAH and P(M-2.6-S) brushes linearly increased with
reaction time, showing that the polymerizations followed the typical ATRP kinetics. However, the
thickness of P(M-2.6-S) brushes was considerably lower (58 + 4 nm) compared to PMEDSAH
brushes (176 + 9 nm) for similar reaction time (24 h). Contact angle measurements of P(M-2.6-S)
after 24 h reaction time was 31+5°, which falls in the hydrophilic regime. Hence, it can be
concluded that the P(M-2.6-S) polymer brushes are unassociated and in the dilute region, which is
comparable to the PMEDSAH brushes of similar thickness. P(M-2.4-S) polymer brushes did not
show ATRP growth kinetics.

In Section 4.3, for the first time, alkyne-functionalized CVD films were used as a new platform
for “click reactions” which were not copper catalyzed and that utilize azide-functionalized RAFT
agent was demonstrated, thereby expanding the CVD based coatings to RAFT polymerization.
Reactivity of the alkyne functional groups to the RAFT agent and the subsequent polymerization
of MEDSAH on these surfaces was clearly demonstrated via IRRAS, XPS, AFM, ellipsometry
and contact angle measurements. This platform provided a means of generating zwitterionic
polymer brushes using a grafting-from approach and devoid of any toxic ligands. Other

zwitterionic monomers could also be polymerized in this fashion.

In Section 4.4, a “grafting—to” approach that negate the need for glove box facilities was
investigated. The benefits of “grafting—to” approach for polymer brush generation include working
under ambient conditions, precise control of molecular weight, and control of dispersity. The facile
surface modification compensates for the low grafting density typically achieved. Interfacial
Gemini transformers (IGT) are a novel system developed based on covalent attachment of the
polymer brushes to the surface. It consists of a zwitterionic polysulfobetaine flanking on either
side of a small hydrophobic benzaldehyde moiety and is prepared by ATRP. This method can be
potentially used for any geometry and requires only a minimum of polymer solution. The surfaces
were characterized by ellipsometry, water contact angle, &—potential measurements, XPS and ToF—
SIMS. From these characterization methods, it was observed that a uniform brush layer was

obtained by the “grafting—to” approach. In addition, one fabrication cycle required approximately

120



G. Venkidasubramonian

48 h to complete, and potential scaling up the production of IGT-modified substrates is possible

with the right manufacturing, process and infrastructure support.

Patterned IGT-modified substrates were generated via microcontact printing (LCP) on a
hydrazide moiety expressing surface via aldehyde-hydrazide coupling. Subsequent immobilization
with a fluorescently labelled protein proved controlled immobilization of the protein. Moreover,
IGT displayed both the upper and lower critical solution temperature (UCST and LCST) behaviors,
respectively. This striking phenomenon can be attributed to the hydrophobic and ionic interactions,
dominating in the different regimes. Additionally, CPrcst was lower than CPucst, so that the
polymer is hydrophobic at intermediate temperatures. The integration of design elements that
enable stimuli-responsive properties such as change in temperature, change in ionic strength as
shown by the swelling studies and change in surface charge with pH as shown by &-potential
measurements would facilitate application of these structured materials in therapeutic applications.

In Section 4.5, RAFT polymerization was employed to create zwitterionic polymer brushes
with defined molar mass in solution. The polymers investigated are PMEDSAH, poly[2—
(methacryloyloxy)ethyl  dimethyl-(3-sulfobutyl)ammonium hydroxide] (P(M-2.4-S)), and
poly[2—(methacryloyloxy)propyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (P(M-3.3-S)).
Varying the charge distance between the positive and negative ions in the monomeric side chain
influences the polymerization kinetics under the same conditions. The growth kinetics of the three
polymers were investigated in detail. These polymers, prepared in water, could be further modified
to graft to the surfaces.

In Section 4.6, hMSC and hESC expansion on different PMEDSAH surfaces were
investigated. hMSC were cultured on ATRP PMEDSAH coatings of three different thickness. The
cells proliferated at the same rate on all the substrates, and retained their multipotent state, as
confirmed by MSC markers (CD73+, CD105+, CD90+, CD34—, and CD45-). PMEDSAH
substrates prepared by both UVO-grafting and SI-ATRP were able to support hESC adhesion,
expansion and self-renewal. In particular, the 98 nm thick PMEDSAH brushes led to the successful
proliferation of undifferentiated hESC throughout 5 passages. In addition, because the molecular
weight of IGT-modified substrates could be tuned and altered systematically, the impact of hESC
expansion on the different molecular weight IGT-modified substrates were determined. hESC
retained their pluripotency after five passages during culture on IGT 6 kgmol™ substrate. These
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results indicated that IGT-modified substrates provide a defined environment for hESC

propagation and pluripotency.

The different coatings tested in this dissertation affected the physicochemical and biological
properties of the substrates. Changes in the method of surface preparation changed primarily the
thickness, which is linked to the wettability of the substrate. It also affected the grafting density
and nano-scale roughness of the substrates. Thirdly, the substrate rigidity of two-dimensional cell
cultures impacted the differentiation potential of hESC.201%2 “Grafting-from” methods gave a
denser, thicker brush architecture whereas the “grafting-to”” method could not achieve a similar
grafting density or thickness. But despite that, the IGT-modified substrates promoted hESC
adhesion. It could be hypothesized that since the grafting-to method produces less dense brushes,

a thicker CVD coating underneath augments the stiffness of the substrate overall.

5.2Future Directions

The fibrous nature of the ECM creates a unique microenvironment that enables long range
mechanical cell-cell communication via cell-induced remodeling of the network.''? Zwitterionic
polymers are not only reminiscent of chemical structures found in abundance with organisms, but
can elicit well-defined predictable response from cells and other biomolecules. In this dissertation,
2D zwitterionic polymer brush surfaces were explored. The next step would be to investigate 3D
scaffolds for tissue engineering. One way to prepare 3D scaffolds is to introduce the zwitterionic
polymer brushes on scaffolds by incorporating ATRP initiators on the scaffolds and growing the
zwitterionic polymer from the scaffold surface. SI-ATRP from electrospun fibers®%2% and 3D
printed constructs®®® have been reported. However, the solvents used for polymerization may not
be optimal for the fibers. In view of this, the IGTs developed in this dissertation could be directly
employed in the preparation of cell-compatible polymer scaffolds for tissue engineering. IGT
hydrogels can be directly used for creating fibers using electrohydrodynamic (EHD) jetting. As a
proof of concept, IGT fibers from a 33 wt% water solution of IGT was prepared (Figure 5.1(a)).
In the future, 3D jet writing,®® a modified electrospinning process, could be used to generate 3D
structures consisting of IGT. The full exploration of IGT in its ability to form scaffolds could lead
to a range of biomedical applications including 3D cell culture platform, cancer biology, and stem
cell biotechnology.
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Figure 5.1: Optical images of the (a) as-jetted IGT fibers and (b) as-jetted IGT particles

In yet another perspective, the IGTs could also be jetted as microparticles (Figure 5.1(b)). The
use of zwitterionic microparticles holds great therapeutic potential as drug carriers.>*” The drug

could be covalently bound to functional group present in IGT through a pH sensitive linkage.

Currently, the physical and thermodynamic behavior of the tethered IGT chains is being
investigated by molecular dynamics (MD) simulations to understand the molecular conformation
of the polymer at the molecular level. MD simulations have been used to investigate the behavior
of zwitterionic surfactants in aqueous solutions.>® Hence, MD simulations could shed light on the
relationship between IGT brush parameters and the surrounding environment. Simulating the
physiological environment could show the gel architectures that the brushes would assume in that
environment. This could lead to a better understanding of how the brushes influence the adhesion

and proliferation of hPSC.

IGT also could be conjugated to complex architectures found in nature, as in proteins
(Figure 5.2). Polymer-protein conjugates are crucial in therapeutic protein formulation design
including vaccine formulations, antibody-drug conjugates, etc.2°%31% The central benzaldehyde
aldenyde moiety can be replaced with more reactive biocompatible groups such as
N-hydroxysuccinimide (NHS), pentafluorophenyl (PFP) esters, or maleimide groups for more
efficient protein conjugation.®'! Alternatively, IGT could serve as zwitterionic coatings on
nanoparticles (Figure 5.2). Nanoparticles represent highly promising platforms for the
development of diagnostic and therapeutic agents, including multi-modal imaging agents or

theranostics.3'2
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Figure 5.2: Schematic representing the potential conjugation of interfacial gemini transformer to the free
cysteine (CYS-34) residue of bovine serum albumin (BSA) and surface functionalized
particles. FG = Functional group.

A major challenge to their development and clinical translation, however, is the fact that many
opsonized nanoparticles accumulate in the liver and spleen as a result of phagocytic cell
scavenging system.3!3 Zwitterionic IGT could be conjugated to bicompartmental anisotropic
particles generated by EHD co-jetting which could make them more viable for biological
applications and reduce the rate of non-specific adsorption of proteins and lipids to the particle
surface. Moreover, in vivo studies have demonstrated that particles with zwitterionic coating have
extended circulatory lifetimes. The anisotropic particles in itself allows the possible incorporation
of multiple therapeutics — and polymers — in selected compartments and can result in distinct
release profiles for each therapeutic.3* IGT coatings on such particles could be a potential carrier

system for drug delivery.

One unique feature of polymers synthesized by RAFT polymerization is the presence of a
thiocarbonylthio group at the end of the polymer chain, which can be modified to an alkene, thiol,
or a dienophile.3®® The RAFT end group of the zwitterionic polymers synthesized by RAFT
polymerization in solution as discussed in Section 4.5, could be modified and further used to
orthogonally immobilize them on vapor-based reactive coatings. This would be an alternative to
circumvent the use of organic solvents and initiators for the preparation of IGT-type polymers as
described in Section 4.4. In addition, as RAFT polymerization is performed in water and does not

require toxic components, this approach is relevant for applications in the biological regime.
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