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Abstract

Surface Modifications for Cell Culture Systems

by

Willie M. Reese

Doctor of Philosophy in Engineering - Materials Science and Engineering

University of California, Berkeley

Professor Kevin E. Healy, Chair

This dissertation focuses on methods to understand and improve surface modifi-
cations for 2D and 3D cell culture platforms. In this work, novel methods are inves-
tigated for their ability to alter cell adhesion and block small molecule absorption,
events that have the ability to alter cell behavior and phenotype.

Chapter 1 is an introduction to surface modification techniques, the mechanisms
within the cell that are currently understood to probe these alterations of surface
chemistry, topography, and other attributes, and the application of these methods.
This chapter serves to tie together the investigations done in this dissertation.

Chapter 2 presents an investigation on the effects of change of topography using
multi-photon ablation lithography to fabricate arrays of nanoscale craters in quartz
substrates with a variety of geometries and spacing (i.e. pitch). This direct-write pat-
terning method developed by a collaborator induced directed NIH 3T3 cell migration.
In this work, I focused on understanding the mechanism of action for this phenom-
ena. Briefly, the direct write patterning produced sub-micron sized pits in quartz that
could be arranged in any number of spacial patterns. I investigated both isometrically
spaced pits (2-8µm) as well as gradient spaced patterns, where pits were spaced at
1µm spacings toward the center of the pattern up to 10µm toward the perimeter of the
pattern. Immunofluorescent labeling of intracellular focal adhesion Vinculin was used
to quantify focal adhesion size and revealed significant differences based on pattern
spacing. In isometric patterns, 2 and 4 µm patterns showed significantly smaller focal
adhesion size distributions leading to the conclusion that the nanocraters restricted
focal adhesion size and also maturity leading to higher turnover of these adhesion.
Higher turnover in regions where the pits were densely arranged led to an observation
of cells migrating away. With motion tracking on gradient patterns, cells were seen
to migrate areas where the nanopits were spaced closer together along directions of
the highest rate of increase in surface area, confirming that the pits were restricting
the area available for cells to form larger stable focal adhesions. Other researchers
have shown that area is a critical attribute for focal adhesion formation that can be
overcome by intercellular adhesion protein activation. To investigate this, NIH3t3
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cells were transfected with a plasmid containing the DNA for the first 405 amino
acids of the Talin-1 protein, which has shown to perform as the full Talin molecule
in intracellular signaling. After transfection, cells showed no significant difference on
any of focal adhesion size on any of the isometric patterns and also lost their directed
migration function on gradient patterns. This data supports our hypothesis that the
physical restriction of area for adhesion causes cells to statistically migrate from re-
gions of high pit density (low pitch) to regions where more area is available, but with
intracellular signaling of talin this can be overcome by the cell. This study helps to
elucidate the mechanism through which cells probe their substrate topography and if
employed on more biologically relevant surfaces can be used as a way to decrease cell
adhesion.

Chapter 3 presents a novel method using a macrocylic polyphenol coating to
block drug absorption in Poly(dimethysilane) (PDMS) based microfluidic Microphys-
iological Systems (MPS). MPS can be used to combine genetically relevant cell lines
in micro-environments that recapitulate not only genetically relevant organ specific
structure, but also organ system relationships to access on and off-target toxicities
and efficacies. Most MPSs are easily manufactured via soft lithography techniques
using poly-dimethylsiloxane (PDMS), which has shown to be biologically compatible
and amenable to many standard cell culture techniques due to its high transparency,
high oxygen permeability, and low auto-fluorescence. Although PDMS has several
positive attributes, many have shown that due to its hydrophobicity, small lipophilic
molecules can be absorbed into PDMS creating unpredictable drug concentrations in
MPSs.

To address this limitation, we designed and developed a novel macrocyclic polyphe-
nol, which is able to reduce the absorbance of the model drug compounds rhodamine
B, C1-BODIPY-C12, Brilliant Green, and Metanil Yellow into PDMS by 87, 96, 93,
and 95 percent, respectively. This outperforms established polyphenol coatings such
as polydopamine or pyrogallol. Initial experiments have shown low cytotoxicity al-
lowing for the culture of iPSC-derived cardiomyocytes for at least one month. Pre-
liminary experiments also show good coating stability not only on PDMS but also
on other biologically relevant polymeric materials such as tissue culture polystyrene,
polycarbonate, and Teflon. This coating is also advantageous over other solutions of
drug absorption such as Sol-Gel methods or other glass like coatings, due to its ease
of use, low cost, and high oxygen permeability.

Chapter 4 gives an overall conclusion and details future directions for investiga-
tions in Chapter 2 and 3.
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Chapter 1

Cell-Surface Interactions and
Motivations for Surface
Modifications

1.1 Overview: How Cells Interact with Interfaces

The mechanical integrity of tissues is due to the connections cells make with each
other and with the surrounding protein matrix environment. These connections are
appropriately called adhesions and can be highly specific. In vivo cells made adhesions
with each other to create mechanical integrity for tissue, but also to the extracellular
matrix (ECM). The chemical and topographical characteristics of a substrate sur-
face have the ability to manipulate cell function, phenotype, behavior, and adhesion.
Extrinsic mechanisms often begin with ligand interactions on the cell surface that
mediate complex, dynamic signaling processes that can change internal gene and
protein expression. Conversely, small or bio-molecules can be taken up by a cell and
change intrinsic gene or protein expression to alter ligand-receptor kinetics externally.
These processes of cell signaling influenced by mechanical forces and cues to produce
biochemical signals and vice versa is referred to as mechanotransduction. Chapter
1 briefly overviews the structures in the cell that respond to substrate properties,
the pathways that are involved in mechanotransduction, and the motivations and
techniques to manipulate the dynamics of these systems in biomaterials engineering.

1.1.1 Integrins

The cell surface is covered with a variety of surface receptors that mediate the
cell-cell and cell-substratum interactions. These interactions influence a diverse set of
internal processes that regulate cellular growth, differentiation, senescence, junction
formation, and polarity, among other properties. This work focuses on the interac-
tions between the cell and the substratum and therefore integrins, which are trans-
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membrane proteins responsible for mediating the cell-subtratum interaction, will be
discussed here.

Integrins are non-covalently associated heterodimers, consisting of an α and β sub-
unit. Integrins have an external domain that interacts with ligands on extracellular
matrix proteins and an internal domain that connects to the mechanical cytoskeletal
structures of the cell through mediator proteins. Figure 1.1 depicts two ways inte-
grins can be activated. Outside-in signaling occurs when ligands external to the cell
bind to and activate integrins and result in signaling through mechanotransductive
pathways that can affect cell polarity, survival, proliferation, cytoskeletal structure
and gene expression. Inside-out signaling happens when changes in gene or protein
expression activate integrins from within the cell and cause changes in cell adhesion,
migration, and motility.(1 )

Specific pairs β and α units are known to interact. Current literature lists at least
8 different β subunits and at least 11 α subunits.(1, 2 ) Previously, it was thought that
each β subunit had a particular α subunit pair, but now it is known that some α units
can pair with more than one β unit. For example, αv has been found to pair with
β1 and β2. Specific intergrin pairs are known to bind to certain ligands and may be
expressed on specific cell types to create cell niche environments. For example, αvβ5
is known to be a crucial receptor for preserving embryonic stem cell (ESC) renewal.
(3 ) Figure 1.2 shows the current set of known integrin pairs and the ligands capable
of binding each pair. Integrin-ligand binding is highly specific, but one integrin-
ligand heterodimer is not sufficient to sustain the forces needed for cell attachment
or migration. Therefore, integrin clustering, or the arrangement of multiple integrin
hetero-dimers into hetero-oligimers, is necessary to produce the anchoring sites for
cell adhesion and motility.

Integrin binding and clustering is essential for cells to sense their environment.
The environment contains many signals such as topography, chemical composition
and ligand presentation. Next, the discussion will move to the ligands in the cell niche
environment that exist naturally on ECM proteins and their role in cell signaling.

1.1.2 Integrin Ligands in the Extracellular Matrix

The ECM serves many functional roles including providing mechanical integrity for
tissues and organs and serving as ligands for cell signaling. The ECM is composed of
approximately 300 types of proteins and proteoglycans, that are expressed differently
depending on the tissue. The ECM is regulated dynamically throughout organism
maturity and overall health.(4, 5 ) As scaffolds, ECM proteins help to regulate which
cells are able to exist in certain tissues and can also affect their growth, activation,
senescence, apoptosis, and maturity. Common ECM constituents include collagens,
laminins, fibronectin, vitronectin, proteoglycans, and elastin, each providing different
biochemical and mechanical signaling cues to give tissues unique dynamic functional
abilities. For example, compared to normal tissue, aged tissue, wounded tissue, and
tumor environments all have increased fibronectin content, resulting in increased stiff-
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Figure 1.1: Basic Integrin Structure with Signaling Modes
Inactive integrins’ (center) confirmation lowers their affinity for binding ligands
external to the cell or binding cytoplasmic proteins internal to the cell. In outside-
In signaling (left), ECM ligands bind to the extracellular domain of the β chain
and induce conformational changes to the cytoplasmic tail of the α and β chains.
This conformation change activates many mechanotransductive signaling path-
ways that may result in changes in proliferation rates, cell polarity, survival, gene
expression, or the organization of the cytoskeletal. Alternatively, inside-out sig-
naling (right) can also occur, where cytoplasmic mechanosensitive proteins such
as Talin can bind to the cytoplasmic tail of integrins leading to conformational
changes external to the cell. This change can increase affinity for the extracellular
head domains to bind to ECM ligands and cause changes in adhesion, motility,
and ECM organization through force transduction from the cell cytoskeleton. (1 ).
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Figure 1.2: Integrin Heterodimer Pairs and Associated ECM Proteins
Integrins are heterodimer pairs that consist of an α and β chain. Different combi-
nations of α and β pairs have different binding ligands. Some pairs, such as those
that bind arginine-glycine-aspartic acid (RGD) domains can be found on multi-
ple ECM components such as fibronectin, vitronectin, and collagen. It should
be noted that on these different ECM molecules the affinity of binding can be
influenced by adjacent protein sequences that can change binding affinity with-
out engaging the integrin directly. The binding affinity can also be enhanced or
suppressed by the peptide conformation. (2 )
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Integrin Ligand* Cellular and Tissue Examples
αvβ1 Ln, Fn, Vn fibroblasts, osteoclasts, tumor cells
αvβ3 Fg, Vn, Fn fibroblasts, endothelial cells, osteoclasts
αvβ5 Fg, Vn, Fn endothelial cells, osteoclasts, fibroblasts
αvβ6 Fg, Vn, Fn epithelial cells, carcinoma cells
α1β1 Cn VI, Cn I, Ln chondrocytes, endothelial cells
α2β1 Cn I, Cn IV, Ln chondrocytes, endothelial cells

Table 1.1: Examples of Integrin Tissue Distributions
Some integrins can be expressed in multiple cell types and cells can also express
multiple integrins. Note Not all integrins, ligands, or cell types are listed. *
fibrinigen (Fg); fibronectin (Fn); laminin (Ln);collagen (Cn). (4 )

ness either directly, through the increased number of ligand binding sites that result
in tissue crosslinking through cell binding, or indirectly, through ligand activated cell
mechanotransductive pathways that increase the stiffness of the cell cytoskeleton.(5 )

As shown in Figure 1.2, certain integrin pairs have the ability to bind to differ-
ent ECM molecules. Cells may express one primary integrin or may have multiple
integrins that enable different internal cell signaling to be activated depending on cell
niche. Table1.1 shows a few examples of integrins that appear in multiple tissues
and cell types as well as cells thats express multiple integrin modalities.

1.1.3 Focal Adhesions

Although the extracellular domain is important in cell adhesion, the cytoplasmic
domain is critical for transmitting the external signals to other parts of the cell. The
cytoplasmic domain is relatively short compared to the extracellular side with most
having less than 70 amino acid residues.(2 ) The cytoplasmic side has no intrinsic ki-
nase activity, but is bound to other proteins that serve as a bridge between integrins
and the cell cytoskeleton (See 1.1.4). A number of biomolecules have been exten-
sively studied as key proteins involved in forming a stable bridge that can transmit
external signals to the cytoskeleton, as well as lead to changes in the extracellular
activation of integrins increasing binding affinity for ligands. These multi-protein
clusters are referred to as focal adhesions (FA).

Interferometric photoactivation and localization microscopic (iPALM) imaging re-
vealed the spatial nanoscale cytoplasmic structure of these internal bridges called
FA.(6 ) From the plasma membrane, the integrin cytoplasmic domain that binds to
paxillian andfocal adhesion kinase (FAK) in the integrin signaling layer. Next, the
force transduction layer consists of Talin and Vinculin, that together transmit forces
on the extracellular ligand-integrin structure, with the help of zyxin and vasodilator-
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Figure 1.3: Schematic Model of Focal Adhesion Architecture.
FA transmit force from extracellular signals to the cell cytoskeleton. FAs are
multi-protein complexes. Researchers used photo-activated light microscopy
(PALM) imaging to elucidate the FA architecture. Layer by layer, they were able
to elucidate protein localization in the cytoplasmic region of the FA. The many
layers work together dynamically to regulate and transmit force from the actin
cytoskeleton to integrins and vice versa. Reprinted by permission from Macmillan
Publishers Ltd: Nature (6 ), copyright 2010.

stimulated phosphoprotein (VASP). Figure 1.3 is a cartoon representation of the
described structure. Proteins are not only spatially organized, but also temporally
recruited to FA during outside-in signaling.(6 –8 ) Waterman et al proposes that talin
and unphosporlated paxillin are bound to the externally-activated cytoplasmic in-
tegrin tail. Talin directly connects the cytoskeleton to the activated integrin, by
binding the talin head domain to the cytoplasmic tail of the integrin and the talin
tail domain to the cytoskeletal network, specifically actin. Subsequently, Vinculin
is recruited, bound to talin, and then activated to help stabilize the bond between
talin and the cytoskeletal network by binding its tail domain to the cytoskeleton as
well. Finally, Waterman proposes that VASP then phosphorlates paxillin, allowing
it to further stabilize integrin activation. VASP has also been linked to increasing
vinculin activity by others.(9 ) Waterman was not able to provide sufficient data to
prove the proposed temporal theory. Figure 1.4 depicts the proposed maturation
sequence from nascent FA to fibrillar adhesions. (8 ) Nascent FAs are short lived
adhesions that turnover rapidly (∼60s).(10 ) If stabilizing proteins such as vinculin
are recruited, they become more stable and larger adhesions (∼ 1µm) referred to as
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Figure 1.4: Dynamic nanoscale Structure of Focal Adhesions
As focal adhesions (FA) mature, proteins are recruited dynamically. The focal
adhesion grows in size as well as protein diversity. Some proteins act as stabi-
lizers and directly transmit force, such as Vinculin and Talin. Paxillin, another
protein, changes phosphoralation state to act as a stabilizer during focal adhesion
maturation. Reprinted by permission from Macmillan Publishers Ltd: Nature
(8 ), copyright 2015.

focal complexes. α-actinin, a cytoskeletal cross linker, marks the maturity of focal
adhesions since it has been found to be recruited at the end of nascent focal adhesion
transformation into focal complexes.(10 ) If the maturation process continues, these
focal complexes can mature into larger(2µm by 3-10µm) adhesion sites termed fibril-
lar adhesions due to their long shape. Fibrillar adhesions last longer, support higher
tensile forces, and align parallel to fibronectin fibers.(11 )They are not seen in cells
that are rapidly migrating due to their long lifetimes. Other than migration speed,
the size distribution of FA depends on the stiffness and topography of the substrate,
forces exerted on the cell, and cell type. The dynamics of focal adhesion assembly has
been shown to be correlated with the fundamental processes of actin polymerization
and myosin-II generated tension. These processes are discussed in the next section,
Section 1.1.4.

1.1.4 The Cytoskeleton

The cytokeleton is a network of actin (micro) filaments, intermediate filaments,
microtubles. It is responsible for giving cells their shape and involved in processes
including adhesion, proliferation, migration, nuclear signaling, intracellular transport,
and others. To paraphrase Fletcher and Mullins, the cytoskeleton has three main
functions(12 ):
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1. Spatial Organization

2. Acts as a Physical and Biochemical Medium for Cell Sensing

3. Generates Forces for Motility and Cell Shape.

On shorter time scales, the cytoskeleton resembles the skeleton of an organism by
its dynamic ability to remodel itself when subjected to external cues. The cues that
affect the cytoskeleton can be physical or biochemical. There are several classes of
proteins that regulate the cytoskeleton. Nucleation promoting factors initiate filament
formation, while capping proteins terminate their growth. Polymerases also facilitate
the growth of filaments through polymerization and cross-linking proteins, such as
α-actinin, help to stabilize and orient filaments into more complex multi-filament
structures. Through polymerization of the actin filaments and microfilaments, cells
are able to change shape. Polymerization of these structures combined with protein
based molecular motors that move along the filaments and tubules provide an intra-
cellular transport system to move molecular components and organize them. Internal
and external forces can alter the activity of regulatory proteins, providing a means
for mechnosensing.

Actin filaments, microtubules, and intermediate filaments differ functionally in
their architecture, mechanical stiffness, assembly dynamics, polarity, and their asso-
ciated molecular motors. This section gives a brief overview of the main cytoskeletal
systems and how they moderate cell adhesion and motility.

Actin filaments Actin is a collection of multi-functional proteins that can self-
organize monomeric units, globlar actin (G-actin), into fibrillar structures called fil-
amentous actin (F-actin). Not only has it been found to play a role in motility and
providing cell shape, but also helps create the complex transport systems needed for
cell division and proliferation.(13 ) G-actin is a asymmetric protein with a positive and
negative end. The directed assembly of F-actin using this asymmetric monomer leads
to a polarized network with positive ends of filaments oriented toward the plasma
membrane and negative ends intersecting with microtubules, which will be described
later. The polarization of the network allows associated motor proteins called myosin
to preferentially travel along the F-actin network to allow cells to contract and sense
the extracellular environment.

Actin can acquire different structural forms that perform various functions inside
the cell. Bundles of aligned actin filaments provide structure for filopodia, which are
involved in directed movement due to chemical gradients (chemotaxis) and cell-cell
interactions. Highly branched filaments support the leading edge and provide forces
needed to change cell shape which is needed for many processes such as phagocyto-
sis. Isotropic or cortical networks of actin lack orientation but can be cross-linked
with proteins such as fascin to resist tensile forces on the cell. Stress fibers, associ-
ated with myosin proteins, generate tensile forces on FA and the ECM. The type of
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actin network formed is regulated by G-actin binding proteins such as profilin, which
through interactions with actin bind proteins such as formin, can increase, in the case
of formin, or decrease, in the case of Wisktt-Aldrich Syndrome Protein (WASP), poly-
merization rates.(13 ) Branching of actin fibers is mediated by actin-related proteins
2, 3 (Arp2/3) which bind to already growing actin fibers to create branches. These
proteins are almost always membrane associated, ensuring that growing branches
point to and support the membrane.

Actin polymerizes steadily in the presence of nucleotide bound monomers. The
rate of this polymerization therefore is dependent on the concentration of these
monomers, which is dictated by nuclear transcription and translation of the monomer
protein. As the length of the protein monotonically increases, forces are likewise in-
creased to support the steady growth of the leading edge required for migration.
Capping proteins arrest the growth of individual fibers or branches. Disassembly
mechanisms do occur and recycle G-actin to be used again.

Polymerization and de-polymerization signals have local affects on actin struc-
tures. For example, when an integrin is cytoplasmically activated through ECM
binding, actin is bound and begins to polymerize locally and subsequently cross-link
and organize, if maturation conditions are appropriate.

Microtubules Microtubules are the stiffest polymer in the cytoskeletal network.
Unlike locally directed actin filaments, microtubules have a central microtubule or-
ganizing center (MTOC) near the nucleus.(14 ) Tubules branch out from the MTOC
with persistence lengths as high as 5mm. With large stiffnesses and long persistence
lengths, microtubules that almost linearly span from the MTOC to the cell mem-
brane are common. Like F-actin, microtubules are composed of asymmetric protofil-
aments of α−β tubulin dimers with negative ends originating in the MTOC near the
cell nucleus and positive ends interacting with F-actin near the plasma membrane.
Again, polarization of tubules allows motor proteins in the dynein and kinesin fami-
lies to travel preferentially in one direction along microtubules to perform transport
processes needed for cell division and also transport cargo along their intracellular
tracks.

Unlike the steadily polymerizing F-actin cytoskeleton, microtubules have two dy-
namic states of polymerization, steady growth and rapid depolymerization. The
ability to rapidly deconstruct structures, gives microtubules the ability to globally
respond to changes dictated at the MTOC. Microtubule stability has also been indi-
cated in regulating F-actin polymerization and vice versa.(15 )

Intermediate Filaments Intermediate filaments are the most pliable of the three
cytoskeletal proteins. Their structure is more amenable to resisting tensile and shear
forces compared to compressive forces. They are not polarized, like actin and micro-
tubule networks and have not been implicated in any transport processes with motor
proteins. Intermediate fibers can be cross-linked by a protein called plectin. Plectins
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can also cross-link intermediate fibers to microtubule and actin structures. One ex-
ample of intermediate filament proteins are lamins, which preserve the integrity of the
eukaryotic nuclear membrane. The degradation of lamins by kinases helps to begin
nuclear envelope breakdown during mitosis. Alberti notes that intermediate filaments
play two roles in the cell:

1. linking the external stresses that many be tranferred directly from the cell
membrane or indirectly through actin or microtubule networks to the nucleus

2. organizing membrane associated organelles (i.e.mitochondria, vesicles) in the
cytoplasm, providing anchoring cites during migration and other processes. (14 )

Intermediate filaments are thought of as a cytoskeletal integrating system directly
connecting the actin and microtubules to important organelles such as the nucleus.

1.1.5 Mechnotransductive Pathways in Cell Sensing

Cells use integrins, focal adhesions, and the cytoskeletal network to sense the en-
vironment. Mechanotransduction is the process by which cells turn these physical
cues into biochemical cues to affect cell processes, morphology and behavior. Envi-
ronmental cues can be mechanical such as forces or be much more complex such as to-
pographical. A complete understanding of the mechanisms that dictate cell response
have yet to be elucidated, but over the past few decades, some light has been shed on
the pathways that regulate mechanotransduction. (16, 17 ) However, the molecular
complexity of these pathways is not well understood. For example, many researchers
have been able to exploit the effect matrix stiffness has on stem cell differentiation,
but the molecular mechanism that fully explains why different differentiation path-
ways can be accessed by changing stiffness is debatable. In mesenchymal stem cells,
it has been found that the process is myosin II driven, but there still remain many
questions about how these processes change nuclear gene expression, either directly
or indirectly. (16, 18 ) Although integrin activation has been shown to be necessary,
it is not sufficient to activate certain gene expression pathways. For example, Chen
et al showed that the degree to which cells were able to spread was a better indicator
for whether an endothelial cell would start DNA synthesis.(19 )

Mechanotransductive pathways transmit large forces (10s of nanoNewtons) over
long distances (10s of microns) covering the length of the cell in times (100s of mil-
liseconds) that are much faster than soluble growth factors, which may take several
minutes to invoke cellular responses.(16 ) Although, integrins have been proven to ini-
tiate the force transduction process, either in outside-in or inside-out signaling, other
FA protein players such as talin and vinculin have also been implicated in signaling
downstream.

This dissertation does not explore mechanotransductive signaling mechanisms and
therefore, this chapter will not cover specific transduction pathways or proteins that
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are involved in the cytoplasm. For an in depth review of mechanotransductive path-
ways please see (20 ) or (16 ).

1.1.6 Conclusions

Actin filaments, microtubules, and intermediate filaments work together to re-
sist, generate, and transmit forces throughout the cell body. These forces can then
lead to changes in cell structure, gene expression, motility, and other cell functions
and behavior through mechanotransductive pathways. By engineering highly spe-
cific surfaces, researchers aim to control and understand the processes that dictate
cell interactions with synthetic surfaces for cell culture systems. An overview of the
motivations and methods is covered in the next section, Section 1.2.

1.2 Examples of Methods for Surface

Modifications in Cell Culture

In the last 40 years, much progress has been made in some basic understand-
ings of how cells interact with surfaces. Manipulating cell adhesion is critical for all
laboratory experiments involving cells since adhesion signaling is needed to ensure
healthy or representative phenotypes. This section, gives a brief overview of some
of the more popular methods for understanding the role mechanotransduction plays
in cell adhesion, motility, and differentiation. This section is in no way a complete
survey of all the methods available, but gives the reader an idea of why understanding
mechanobiology is so important to cell culture and the more common methods and
variables for manipulating cells through engineered surfaces from the most widely
used, simplest methods to more complicated protocols.

1.2.1 Protein Coatings

Protein coatings are often used to help facilitate cell attachment to promote
healthy cell phenotypes in synthetic environments. Naturally occurring proteins are
often used to recapitulate the cell adhesion environment. MatrigelTM, a trade marked
gelatinous protein mixture, is a commonly used protein coating commercially avail-
able from BD Biosciences and Corning. It is harvested from Engelbreth-Holm-Swarm
(EHS) mouse sarcoma cells, which secrete the ECM protein mixture. It is used for
a wide array of applications to promote cell attachment on glass and tissue culture
treated plastic among other surfaces that do not support cell attachment. The coating
has often been criticized since it is exogenous, has significant lot to lot variability, and
is also poorly defined. MatrigelTM contains fibronectin, collagen, laminin, and other
adhesion proteins as well as growth factors that support normal cell phenotypes for
an array of cells including primary cells, stem cells, and cell lines. Different lots can
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contain different amounts of components leading to different cell behaviors and phe-
notypes, which is a undesired effect when trying to perform controlled experiments.
Because of this some researchers prefer to used purified protein coatings of fibronectin
and laminin or other proteins that can be also obtained from humans.

The method of coating for all these protein coatings is facile. The protein is
reconstituted in either basal medium or phosphate buffered saline (PBS). The surface
for cell attachment is then either immersed in the solution or covered with a thin layer
of the solution at the desired protein concentration. The protein deposits onto the
surface out of solution after some time and any unattached protein is washed away
before cells are introduced. The simple method is accessible to any biology lab and is
the reason for its wide spread use despite the concerns many have of its physiological
validity.

1.2.2 Peptide Coatings

In 1984, the short peptide sequence, RGD, was found to block the adhesive ligand
ability of the larger fibronectin protein by binding with integrins from solution. (21 –
23 ) Later, this peptide sequence, was chemically attached to other larger polymer
structures to conjugate to surfaces either through covalent bonding in self-assembled
monolayers or through adsorption by surface interactions.(15, 24 ) Not only the RGD
sequence on fibronectin was found to be important, but also the binding affinity
helper sequence Pro-His-Ser-Arg-Asn (PHSRN), was also found to further increase
cell adhesion when combined on peptides with RGD. The RGD sequence is also found
on other adhesive proteins including vitronectin, fibrinogen, osteopontin, and bone
sialoprotein as well as some collagens and laminins.(25 ) Since the discovery of RGD
on fibronectin, other sequences and peptide fragments have been found to mimic the
ligand ability of other adhesive proteins such as Ile- Lys-Val-Ala-Val (IKVAV), in some
laminins. (26, 27 ) Peptides provide advantages over full protein schemes in that they
remove topographical and exogenous factors, can be easily conjugated to polymers
to be used on surfaces and polymer matrices, and are well defined. Additionally, in
some proteins such as collagen and laminin, the RGD sequence although included in
their sequence is not always accessible due to confirmation steric hinderance which
can depend on the underlying surface hydrophobicity that is known to alter protein
conformation through denaturing and exposing hydrophobic protein cores. (28 ) By
using short peptide sequences, there are no steric effects that may cause the ligand
sequence to become masked reducing confounding variables in experiments done on
different surfaces. Although there are advantages of using short peptide sequences
in vitro, results have not always been consistent when technologies are transfered in
vivo. Bellis hypothesizes that the disparity in vitro and in vivo results, lies in the
presentation of the sequence in isolation in vitro in terms of relative to other proteins
that may attach to the biomaterial in in vivo as well as in terms of other parts in the
sequence, since not only do flanking sequences such as PHSRN, as mentioned earlier,
have an effect on integrin activation, but also integrin specificity. In the first case, the
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sequence may be overshadowed by native proteins that can have a 1000 fold higher
activity, blocking the interaction of the biomaterial with native cells. In the second
case, the peptide sequence may not have enough specificity to interact with target
cells. For example, although RGD is present on both fibronectin and vitronectin,
the two bind different integrins. Additionally, the shape and flanking amino acids of
RGD are known to have an effect on its affinity. The cyclic peptide version of RGD,
which has bends before and after the RGD sequence, is known to have a different
bioactivity than its linear counterpart. (29, 30 )

1.2.3 Micro-contact Printing

Besides the type of the adhesion motif, the shape of cell colonies and also single
cells has also been shown to affect differentiation outcomes, phenotype, and gene ex-
pression.(31 ) Micro-contact printing is a method that allows for the control of the
adhesive area available to cell colonies as well as single cells and even single focal
adhesions in high resolution methods. Simply, microcontact printing is the stamping
of adhesion proteins or peptides onto non-adhesion backgrounds, restricting cells to
adhesive islands where cells often take on the shape of the island. Soft lithography
techniques are used to make patterns of different shapes such as circles, squares, spi-
rals, etc of various sizes from hundreds of micrometers to tens of nanometers. By
patterning adhesive islands, researchers can control cell aspect ratio, curvature, and
attachment area among other variables. (32, 33 ) One study showed that by restrict-
ing the amount of area available for cell adhesion, human and bovine epithelial cells
could be shifted from modes of proliferation to apoptosis.(19 ) This phenomenon has
been duplicated with other cell types in different laboratories and is widely accepted.
Studies using micro-contact printing with sub 100 nm high resolution lithography
were used to find the threshold area necessary for cells to create stable focal adhe-
sions with the ability to transmit force.(34 ) Coyer et al found that the ligand area
threshold for integrin force transduction was dynamically dependent on talin and
vinculin expression, confirming their critical roles in mechanotranduction.(35 ) Jiang
found that controlling the asymmetric shape of a single cell defines its polarity as
well as the direction in which it will move.(36 ) Geometric confinement studies using
stem cells have shown that different lineages can be accessed by changing cell shape,
although the molecular mechanism is not well understood. Cell shape has been shown
to be a differentiation regulator in ESC and induced pluripotent stem cells (iPSC) im-
portant for cardiomyocytes, adipocytes, and endothelial cells among others.(32, 37,
38 ) Micro-contact printing is not the only technique used to geometrically confine
cells, but is very common due to its ease of use and adaptability.

1.2.4 Self Assembled Monolayers

In 1946, Zisman published methods for creating well oriented mono-molecular
layers on metallic substrates.(39 ) It wasn’t until 1985, that methods were developed
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using dilute solutions of long chain alkane-thiols on gold surfaces to create what is
today’s most widely used method to create self assembled monolayers (SAMs).(40 )
This method leverages the ability of gold surfaces to make covalent bonds with mono-
thiolated molecules. Other conjugation schemes have since been discovered such as
the reaction of silanes with silicon oxide based surfaces such as glass and PDMS, fatty
acids with aluminum oxide or silver oxide, and more. Because of the high affinity of
these reactions and the well oriented bond in aliphatic long chain molecules, dense car-
pets that expose the free functional end group can be created. Many researchers have
leveraged the ability to create well defined interfaces to study how proteins and cells
interact with different functional groups providing insight into interfacial biological
studies.(28, 41 –43 ) Functional groups of interest vary wildly from simple molecular
groups such as carboxylic acids and amines to more complicated, large biomolecules
such as enzymes and antibodies. After Allara published the method for creating
SAMS on gold, Lopez used the technique to create patterns of adhesive and non-
adhesive motifs for cell patterning.(44 ) Today, this technique is widely used to create
substrates in a standard protein detection protocol, enzyme-linked immunosorbent
assay (ELISA).(15 ) It is also widely used in methods of soft lithography fabrication
to create non-stick surfaces for releasing PDMS or other materials from silicon wafers
using fluoro-functional silanes.(45 ) polyethylene glycol (PEG) SAMs have been well
known to reduce fouling and are often used to prevent protein adsorption and cell ad-
hesion in vitro as well as in vivo.(46 ) PEG SAMS are often used in combination with
micro-contact printing or stencil patterning techniques as way to create non-fouling
backgrounds to increase the fidelity of adhesion patterns and reinforce geometric cell
or colony confinement. (43 )

As with micro-contact printing, the method for creating SAMS is simple and
can be used in most biological settings without the need for complicated, expensive
equipment. The quality of SAMS is; however, highly dependent on the quality of the
underlying surface. Any contaminates or other surface irregularities such as rough-
ness can cause defects in the tightly packed SAM layer. Also, for some conjugation
schemes, such as silanes, well controlled humidity and temperature conditions are
required for high fidelity patterning. Gold-thiol reactions from aqueous solutions are
relatively easy as long as the gold surface is smooth and clean and probably the reason
for their widespread adoption.

1.2.5 Topographical Patterning

The main driving motivation to create surfaces with topographical patterning lies
in the function the native ECM plays as a physical architecture for cells. The ECM is
constantly remodeled and has been shown to undergo drastic changes between healthy
and disease states. In order to fully understand the ECM’s role in the feedback
loops of adhesion, proliferation, and differentiation, model systems are needed to
systematically document the effects of changes in ECM topography in addition to
biomolecular signaling pathways.
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The native ECM is an anisotropic mixture of soluble and insoluble proteins, some
with high orders of self assembly. For example, as noted earlier in this chapter,
some types of collagen have the ability to organize themselves into fibrils composed
of many individual collagen proteins. These fibers and other features of the ECM
have nano-scale features that help to direct tissue organization on the microscale
level through signaling pathways that are still not fully understood. (47 ) Cell shape,
cytoskeletal organization, and force transduction are thought to be key players in the
signaling pathways involved in proliferation, differentiation, and polarity among other
cell states.

Laser ablation, lithography, and reactive ion etching, are just a few ways to al-
ter the topography of a substrate. Laser ablation and lithography can create very
well defined surfaces while reactive ion etching and plasma spraying; for instance,
create surfaces that are defined by average roughnesses or geometries. Both types
of surfaces have been used to investigate adhesion and motility of mammalian and
bacterial cells with a variety of motivations. Guvendiren and Burdick showed that
human mesenchymal stems cells could be more directed toward osteogenic lineages by
encouraging cells to take on high aspect ratio shapes in differentially UV-crosslinked
wrinkled hydrogel patterns compared to flat hydrogels or hexagonally patterned gels.
(48 ) Hayman showed that post-induced differentiation neurite outgrowth could be
significantly increased when seeded on highly porous polystyrene foams. (49 ) Many
studies have reproducibly shown that topographical patterns with high aspect ra-
tios such as grooves or fibers, encourage cardiomyocytes to elongate and function
with higher contraction velocities and forces.(50 –52 ) For more examples, Nikkhah
provides a detailed review of strategies focused on engineering topographies for cell-
substrate studies.(53 )

1.2.6 Material Stiffness

Tissues in the body range in elasticity (Young’s modulus) from 0.1kPa to 100kPa,
many of orders of magnitude smaller than glass (50-90 GPa) or polystyrene (3-3.5
GPa), which are traditional cell culture surfaces. (47 ) Stiffness has been shown to reg-
ulate many mechanotransductive pathways involved in cell spreading, differentiation,
and tumor formation. In 1998, Galbraith and Sheetz, wrote a review summarizing
the current literature of the time. (54 ) There were several main theories presented
in their opinion that are still widely accepted today. The most important is the
mechanism through which most researchers believe substrate elasticity affects cell cy-
toskeletal organization. The understanding is that cells are only able to exert a force
on a material that can in turn balance that force, from a simple physical explanation.
In other words, the softer the substrate, the lower the force that can be generated in
focal adhesions. If focal adhesions can only generate low tensile forces on the sub-
strate, the internally induced tensile forces in the cytoskeleton will also be low due to
an equilibrium force balance, resulting in low activation of pathways that respond to
high tensile forces. Therefore, the tensile forces in the cell are proportional to ECM
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stiffness. The regulation of these internal forces are dynamically regulated not only by
focal adhesion contacts, but also by soluble growth factors; and conversely, changes
in internally generated forces can create changes in gene and protein expression, re-
sulting in a dynamic feedback loop. Internal stress fields have been show to regulate
cell viability, motility, signal transduction, nuclear shape and ECM organization or
remodeling. (19, 20, 55, 56 )

Gels are often used as substrates with tunable elasticity properties. By changing
crosslinking density, it is very straightforward to change the gel stiffness. Poly (acry-
lamide) (PA) has been used in many studies to alter the static stiffness of gels.(56 )
Engler showed that myotubes optimally differentiate on substrates with ”tissue-like”
stiffness by using the PA gel protocol developed by Pelham and Wang(57 ) Gels
with higher or lower stiffnesses, were not able to support myotube striation. A few
years later, Engler also showed that human mesenchymal stem cell (hMSC) could
be directed toward either neurogenic, myogenic, or osteogenic lineages by culture
on PA gels with stiffness of 0.1-1 kPa, 8-17 kPa, or 25-40 kPa, respectively.(18 )
Khoutorsky combined PA gels to mimic a lower range of substrates and also added
poly-dimethylsilane (PDMS) elastomers to access a higher stiffness range to a study
on human fibroblast polarization. The data from this study showed that focal adhe-
sion morphology was dependent on substrate stiffness and moderated through protein
tyrosine kinases (PTKs). The changes in focal adhesion morphology led to changes
cell traction force generation and cell polarization.(58 ) Although PA and PDMS elas-
tomers have been extensively used to study cell response to substrate stiffness, they
do not allow for the dynamic tuning of stiffness due to the irreversible nature of
the covalent crosslinks. UV-crosslinking strategies present methods to at least mimic
stiffening processes that occur in many biological processes such as aging, cardiovas-
cular disease, wound healing, and tumor progression. (59 ) Guvendiren and Burdick
presented a system for stiffening a substrate at different times after cell seeding. As
a model, hMSCs were seeded on gels that were stiffened from 1-10 kPa at different
time points in bipotential differentiation medium. The data showed that whichever
stiffness the cells were cultured on longer determined whether the cells became adi-
pogenic (soft surfaces) or osteogenic (stiffer surfaces).(60 ) These studies and others
demonstrate the important role that substrate stiffness plays in cell phenotype and
behavior and the need to the understand mechanism that changes occur in order to
produce effect materials for tissue culture, tissue regeneration studies and more.

1.2.7 Conclusions

In addition so soluble factors, physical characteristics of the ECM govern cell orga-
nization, phenotype, signal transduction, and function. Ligand presentation, chemical
functionalization, substrate topography, and substrate stiffness are all properties that
can be controlled in cell culture systems to mimic the native ECM or to manipulate
cellular properties.
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1.3 Dissertation Scope and Outline

The work in this dissertation is focused on using surface modifications in cell
culture systems. The work is organized into 3 sections. Chapters 3 and 2 present
the work on two different techniques to modify two very different surfaces. Chapter
4 proposes future directions for both projects as well as the potential for surface
modifications in cell culture systems.

• Chapter 2: Nanopit Patterning Effects on Focal Adhesion Forma-
tion Investigation of the effects of laser ablated nano-pit patterning on focal
adhesion formation in mouse fibroblasts. We hypothesize by changing the to-
pography of the substrate, cells can be directed to migrate in specific direc-
tions. Immunoflurosence staining of focal adhesion components was used to
reveal the effects of changes in nanopit patterning pitch (spacing). Observa-
tions in increased cell motility were correlated with shifts in focal adhesion size
distributions. Finally,transfection experiments were performed to understand
inside-out signaling could change focal adhesion formation.

• Chapter 3: Using a Macrocyclic Polyphenol Coating to Block Absorp-
tion in PDMS. Motivated by the need to reduce lipophilic drug absorption
in PDMS based microphysiological systems, the development and characteriza-
tion of a macrocyclic polyphenol coatings are described. We hypothesized that
the ability of polyphenol coatings to improve PDMS wettability will decrease
lipophilic drug loss by reducing the affinity of drugs for the PDMS surface. Stan-
dard surface characterization techniques, such as contact angle measurements,
Scanning electron microscopy (SEM) and X-ray Photospectrometry (XPS) are
performed to verify and characterize coating morphology. Absorption assays
are developed to assess efficacy of the coating as a barrier to lipophilic drug
absorption by measuring effective diffusivity and permeability. Biological char-
acterization is also performed to assess toxicity of the coating using a variety
of cell types, metabolic and functional assays. Coatings are also used to im-
prove adhesion of human induced pluripotent stem cell derived cardiomyocytes
to PDMS.

• Chapter 4: Summary and Future Work Summarizes the main findings
from the research reported here and remaining questions for the field to answer.
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Chapter 2

Nanopit Patterning Effects on
Focal Adhesion Formation

2.1 Abstract

Although cell adhesion to nanostructured interfaces has been extensively studied,
few studies have focused on tuning nano-topographical surfaces to direct cell migra-
tion for cell patterning. Using multi-photon ablation lithography, my collaborators
fabricated arrays of nanoscale craters in quartz substrates with a variety of geometries
and spacing (i.e. pitch). Changing the nanocrater diameter (600-1000 nm), depth
(110-350 nm), or pitch (1-10 µm) alters the planar surface area available for cells to
establish stable focal adhesions (FA) and induces migration away from regions of high
nanocrater density. This persistent migration can be used to dictate cell patterning
(e.g., lines, circles) according to the nanocrater parameters. By using immunoflu-
orescence to visualize focal adhesion size, I was able to conclude that nanocrater
features significantly dictated focal adhesion formation, which seems to lead to high
turnover of focal adhesions and increased migration. To further investigate inter-
actions of these patterned surfaces and cellular adhesion mechanisms, the effects of
intracellular contractile protein Talin activation on patterning was probed. Cells that
over express the N-terminus of Talin-1, which is one of the major proteins responsible
for stable focal adhesion formation, lack the ability to quickly spread and migrate
from low pitch to high pitch regions due to integrin over activation. Future studies
to pattern similar nanoscale craters using nanoimprint technology in materials that
are more relevant to biomaterial studies such as tissue culture polystyrene and other
novel biomaterials should be done. These nanoscale surfaces can serve as tools for
mechanobiology studies and futher elucidate understanding the attributes of surfaces
necessary to physically pattern cells.
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2.2 Introduction

Surfaces that manipulate cell adhesion, motility, and differentiation are a large
focus of many areas of biomaterials research including tissue regeneration, cell pat-
terning, and bio-compatibility. Various methods have been extensively employed to
alter the cell-substrate interaction through modification of surface chemistry, geom-
etry, topography, and mechanical properties. One motivation for manipulating this
interaction is to direct motility for cell patterning. Directed migration is involved in
many biological processes such as development, wound healing, and tumor metasta-
sis. Understanding all the factors that are involved in mechanotransductive signaling
in these processes is essential to creating engineered devices and therapeutics for a
variety of applications such as implants, injectable gels, etc. Each implantable device
must be engineered with a set of with physical properties including elasticity, surface
chemistry, topography, etc that encourage the successful long term operation of the
device. A better understanding of how each of these characteristics influences cellular
response adds to the engineering tool set that can be used to create more successful
devices.

Many techniques have been explored to understand the different ways to direct
migration. Chemiotaxis involves using chemical gradients to drive cells to migrate
along increasing or decreasing concentrations of a particular bioactive chemical sub-
stance. Durotaxis is the movement of cells caused by a gradient in the substrate
stiffness usually towards stiffer substrates.(1, 2 )

This study focuses on a phenomenon of spontaneous cell migration directed by
nano-scale topographical features created using direct write multiphoton lithography
in quartz substrates. The protocol uses a multi-photon laser beam pulse to ablate
pits with diameters as small as a few hundred nanometers up to a micron into the
substrate. Figure 2.1 is an SEM micrograph of isometrically (constantly) spaced
pits. There are several variables that can be changed to systematically alter the
topographical features of the surface. The depth and diameter of the pits can be
altered by changing the energy and objective of the laser beam. The spacing of the
pits can be changed by altering the code for the automated stage that rasters the
sample relative to the beam. The last parameter, planar surface area, is defined by
the diameter and pitch of the pits.
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Figure 2.1: Scanning Electron Micrograph of Isometric Nanopits

Arrays of nano-sized craters with diameters of 1000 nm and depths of 350 nm were
patterned in quartz using direct write multiphoton lithography. The initial study with
Jeon began by exploring different diameters, pitches, and depths of the nanoscale
craters and found the parameters in this study to be the most effective at promoting
directed migration leading to self patterning of mouse fibroblasts (NIH 3T3). In
Figure 2.2, Jeon displays the ability of patterns to direct cell migration. Cells were
initially seed uniformly over the sample. The cells were able to attach everywhere,
but cells attached to ablated regions migrated into planar regions. Visibly noticeable
results occur within 10h after cell seeding. Over the course of 25 h, the cell density is
reduced by ∼57%, ∼55%, and ∼75% for 2 µm, 4µm, and spacing gradient patterns,
respectively.
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Figure 2.2: NIH 3T3 Mouse Fibroblasts on Nano-pit Pattern Lines.
a. Time lapse images of cell migration on 2 µm, 4 µm, and spacing gradient
patterns (2-4 µm) of nanopits (diameter: 800 nm, depth: 300nm). b. Normalized
cell number on nanopit patterned areas over time. Reprinted by permission from
Macmillan Publishers Ltd: Nature Materials (3 ), copyright 2015.

Jeon then repeated this experiment with a larger gradient pattern. The schematic
for the pattern is show in Figure 2.3. The pattern possesses 4 fold rotational symmetry
with the pitch varying in 2 dimensions. In the center, the lowest pitch patterns are 2
µm. In the corners of the pattern, the pitch is 10 µm. For example, down the vertical
center line of the pattern the pitch in the horizontal plane is kept at 2 µm, while in the
vertical direction the pitch increases as you move toward the edge of the pattern from
the center to 10 µm along the vertical center line. The planar surface area gradient is
highest in the direction from the center of the pattern at a 45 degree angle toward any
of the corners. In these patterns, Jeon observed cells migrating away areas of high
density nanopits, but finding some sort of threshold defined by the planar surface
area available (see Figure ??. In order to better understand the mechanotransductive
mechanism responsible for the cell migration phenomenon, I explored the influence
of the nano-pit features on FA size distribution and integrin activation.
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Figure 2.3: NIH 3T3 Mouse Fibroblasts on Gradient Nano-pit Patterns.
a. Schematic of Spacing Gradient Pattern. In the center nanopit pitch is 1 µm.
Toward the outer edges of the pattern, nanopit pitch is 10 µm. All nanopits
have the same geometry (diameter: 1000 nm, depth: 350nm). b. Normalized
cell number on nanopit patterned areas over time. Reprinted by permission from
Macmillan Publishers Ltd: Nature Materials (3 ), copyright 2015.

First using isometric patterns, I explored the effects of the distance (i.e. pitch) be-
tween the pits in the pattern (2 -10 µm). These experiments elucidated the complex
interaction of cells and nano-pit topography. Next, we correlated motility properties
of the cells with focal adhesion distributions on the gradient pattern to better under-
stand the dynamics involved in the directed migration. Finally, I used over expression
of the cytoplasmic focal adhesion protein, talin-1, to mimic and understand the role
of integrin activation. The ability to pattern regular structures on the order of the FA
size (1-10 µm) distinguishes these surfaces from other topographically patterned sub-
strates by more closely mimicking the natural dimensions of the extracellular matrix
topography in a systematic way.
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2.3 Materials and Methods

2.3.1 Laser Ablation of Glass

Quartz glass coverslips were ablating using a Ti:sapphire regeneration amplifier
system (Spectra-physics). The amplified laser beam was rastered over the sample
using a user designed computer automated system under ambient conditions. The
laser exposure had a 100 fs pulse length with full-width at half-maximum (FWHM)
at a wavelength of 400 nm was obtained through frequency-doubling a fundamental
800 nm wavelength laser beam using a nonlinear crystal. Full methods developed by
Jeon are described in (3 ).

2.3.2 Immunofluorescence

Samples were fixed 1 h and 12 h post seeding with 4% paraformaldehyde (Santa
Cruz Biotech) for 15 min. Cell were permeabilized using 0.2% Triton X (Sigma) in
dPBS. Blocking and fixation were performed with a solution of 2% bovine serum
albumin (Sigma), 0.3 M glycine (Sigma), 0.2% Tween-20 (Sigma) in dPBS for at
least 30 min. Samples were incubated with a primary mouse-anti-vinculin antibody
(1:200) (Sigma) overnight at 4◦ C and then washed. Anti-mouse 633 secondary (1:100;
molecular probes) and Actistain-555 (1:500; Cytoskeleton) were incubated for 1.5 h at
room temperature and then washed. The nucleus was stained with DAPI (Molecular
Probes) for 5 min and washed. Samples were inverted onto coverslips just before
imaging. Images were acquired using the Zeiss 710 Axio-Observer with a 40 oil
immersion objective. For immunofluorescence imaging of fibroblast cells on TCPS
ablation patterns, a 40 water immersion objective was used.

2.3.3 Focal Adhesion Size Quantification

Vinculin fluorescent images were analyzed using ImageJ to measure focal-adhesion
size. Vinculin is a focal-adhesion protein recruited slightly after initiation of focal-
adhesion formation. First, background fluorescence was removed by subtracting back-
ground with a 4-pixel rolling ball radius. Only cells completely on patterns at the
time of fixation were used for measurements. ImageJ built-in particle size analysis
function was used to acquire the distribution of FA sizes in entire cells. At least 10
cells were analyzed for each pitch and also in different regions on gradient patterns.
KruskalWallis tests were performed using Graphpad Prism.

2.3.4 Transfection of Talin-1

Overexpression of the first 405-amino-acid sequence of the globular N terminus of
Talin-1 was accomplished using the Lonza Nucleofector 2B. GFP/Talin-1(1-405) plas-
mids obtained from Andreas Garcia’s laboratory (Georgia Tech) included the entire
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FERM domain and were shown to over-activate the α5β1 and α5β3 integrins in trans-
fected cells. (4 ) For each transfection, approximately 10 million cells were suspended
in 100 µl of Nucleofector 2 Solution R with 8 µg of plasmid and then transfected
using program U-030. Immediately after transfection, 500 µl of DMEM (ATCC) sup-
plemented with 10% fetal calf serum (ATCC) was added to the cell solution. The
sample was then incubated at 37 C for 15 min. Cells were gently transferred into
culture flasks and seeded at 90% confluency in normal growth medium. After 24
h, transfected cells were sorted using flow cytometry for Green Fluorescent Protein
(GFP) fluorescence. Cells were seeded on patterned samples 48 h after transfection.

2.3.5 Motility & Directionality Measurements

Motility and directionality measurement methods were developed by Koo and are
fully described in (3 ).

2.4 Results and Discussion

2.4.1 Nanoscale Craters Reduce Focal Adhesion Size.

Previous studies showed that focal adhesion size (or area) is closely correlated
(r=0.93) with cell migration speed, which dictates the ability cells to migrate into
patterns.(5 ) Coyer also demonstrated that a threshold area is needed to form stable
FAs, which are present in non-motile cells. (4 ). To investigate if FA size distribution
could provide insight into the mechanism of cell patterning in the phenomenon seen
by Jeon, cells were plated on isometric patterned surfaces with pitches of 2, 4, 6, and
8 µm. Focal adhesions were visualized using immunofluorescent staining of vinculin,
an intercellular adhesion protein, to locate and measure FA area. Vinculin was chosen
as a target because it is recruited dynamically unlike Talin, which is present in even
nascent adhesions (see Figure 1.4). In Figure 2.4, cells are shown on different isometric
patterns. On planar, unaltered quartz, cells exhibit the ability to form long stable FA
with large areas throughout the cell body. As the pitch size decreases to 2 µm, the
focal adhesion size decreases and is more localized to the leading and trailing edges
on the planar areas between nanopits. It is visually hard to see the change in FA
size distribution, since there are still large focal adhesions present even on the 2µm
pitch patterns. Using ImageJ, particle analysis tools were used to measure the area of
each individual FA in an entire cell. Distribution of FA size are shown in Figure 2.5.
The 8 and 6 µm pitch patterns, failed to alter the FA size distribution significantly.
The 4 and 2 µm patterns reduced the FA size distribution mean by 41%± 0.07% and
28%± 0.08%, respectively.

The data suggest that in order for cells to form stable, fibrillar adhesions a critical
surface area is needed. Supported by the time lapse images taken by Jeon, the
lower isometric pitch patterns inhibit large adhesions, which are present in more
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Figure 2.4: Focal Adhesion Immunofluorescence Staining on Isometric
Patterns
The nanocraters distort the cells ability to form focal adhesions. Immunofluo-
rescence images of fibroblast cultured on patterned quartz surfaces with craters
(1 µm in diameter, 350 nm in depth) and unpatterned surface, 6 µm, 4 µm and
2 µm isometric spacing with inverted Differential Interference Contrast (DIC).
Depending on pattern pitch, cells reveal different morphology and focal adhe-
sion distribution, where cells on surfaces with the lowest pitch have smaller and
less pronounced focal adhesions. In contrast, focal adhesions of the cells on flat
surfaces (no pattern) were scattered throughout the cell body and fibrillar in
morphology. Scale bars =10 µm.

nonmigratory cells. We propose that the mechanism is a statistically based one.
Nascent adhesions turn over quickly within seconds. Rapid turnover allows the cells
to create new adhesions on new areas of the substrate. If the new area the cell
attaches to does not restrict the maturity of the adhesion, the adhesion is allowed
to mature and becomes more stable, keeping the cell attached to the area longer.
By inhibiting large focal adhesion formation by planar surface area restriction, the
nanopits promote migration by reducing the average FA size within a cell.



CHAPTER 2. NANOPIT PATTERNING EFFECTS ON FOCAL ADHESION
FORMATION 31

Figure 2.5: Focal Adhesion Size Distributions on Isometric Patterns
Images acquired using immunofluorescence staining (see Figure 2.4) of Vinculin
were analyzed to compare focal adhesion size distribution. Isometric patterns
of 8 and 6 µm pitch were unable to significantly reduce the focal adhesion area
distribution. 4 and 2 µm pitch patterns reduced focal adhesion mean area size by
41% ± 0.07% and 28% ± 0.08%, respectively. 4 µm pitch patterns reduced focal
adhesion size the most significantly with **p≤0.0001. For 2 µm pitch patterns,
*p≤0.05.
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2.4.2 Directed Migration in Gradient Patterns

Our next aim was to understand and manipulate the mechanism that allows the
nanopits to direct migration using pattern designs. In our hypothesis for the mech-
anism that promotes adhesion we lay great significance on the restriction of focal
adhesion area and the stochastic nature of focal adhesion turnover. In the gradient
patterns that Jeon designed, planar surface area increases fastest along the 45 degree
angle from the center of the pattern to the corner, which is why we believe that cells
are able to remain attached to regions closer to the center of the pattern along this
direction compared to the direction along the horizontal or vertical directions from
the center. This would explain the diamond like shape of the cell repellent area in
the gradient pattern (see Figure 2.3).

Using the same methods to visualize focal adhesion size, immunofluorescent images
were acquired of cells on gradient patterns and compared to images of cells on planar
surfaces. Even without image analysis, focal adhesion size is noticeably smaller in the
cell repellent regions toward the center of the pattern compared to focal adhesions on
planar regions of the sample or FAs on areas of the pattern with larger planar surface
area available. Figure 2.6 e and f show representative images taken from gradient
patterns and planar substrates, respectively.

To better understand how FA size correlated with motility coefficients, four cal-
culations or measurements were made and modeled by Koo from migration tracking
data.(3 ) Koo found the migration of cells also occurred preferentially along the 45
degree angle direction from the center of the pattern to the corners. This direction
was the fastest route to larger planar surface area regions that did not inhibit large
focal adhesion formation. On planar regions, cells had no directional preference for
migration. Angular migration maps are shown in Figure 2.6 b. and c. Migration
speed was increased from an average of 29 µm per hour to 65 µm per hour confirm-
ing the hypothesis that by limiting planar surface area available for focal adhesion
maturity, cells are predisposed to migrate because they are only able to form nascent
adhesion with high turnover rates. The persistence time is defined as the average
time between changes in cell migration direction. For cells on planar substrates, the
mean persistence time was calculated to be 91 ± 20 and for cells on gradient pat-
terns, the mean time was 27 ± 10, significantly lower (p ≤ 0.05). Again, the data
here suggest that the model is stochastic and still largely controlled by the random
movements of the cell. The cells on the gradient pattern have a higher propensity to
make new focal adhesions, but where these focal adhesions are allowed to mature is
controlled by the planar area of the substrate; therefore, the cell is allowed to probe
the substrate without limitation, but only forms stable adhesions when enough pla-
nar surface area is available. The persistence distance is defined as the length a cell
moves in a relatively consistent direction (only lengths larger than 10 µm, changes in
direction ≤ 30◦). The persistence distance was not significantly different between the
two groups, 27± 3µm and 37± 3µ for the control and gradient, respectively.

The motility data and the FA size distribution data (reproduced in Figure 2.6j)
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Figure 2.6: Gradient Patterns Reduce Focal Adhesion Size and Direct
Cell Migration
a. Schematic of Symmetric Unit of Gradient Pattern b. Angular migration
direction graph of cells on gradient patterns. c. Angular migration of cells on
planar substrate. d. Representative image of fluorescence staining on gradient
patterns.e. Enlargement of blue inset in d.. f. Enlargement of representative
cell on planar substrate. g. Migration speed is significantly increased on gradient
patterns (****p≤ 0.0001). h. Persistence time is significantly decreased for cells
on gradient patterns (*p≤ 0.05). i. Persistence distance was not statistically
significant. j. Focal adhesion area distribution on isometric patterns as shown in
Figure 2.5.

confirm that focal adhesion size and migration speed are highly correlated, as sug-
gested by others.(5 ) The data also demonstrate the ability to create gradient patterns
that leverage the stochastic nature of cell adhesion processes to produce cell guiding
surface properties through topographical modifications.
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2.4.3 Talin-1 Integrin Activation

Talin is a focal adhesion protein that has been shown to regulate extracellular
integrin binding during cell adhesion, migration, and assembly.(6, 7 ) Talin binds to
the cytoplasmic tail of the β integrin and F-actin. It is one of many proteins indicated
in the mechanotransduction pathway as force transducers.

The first 405 N-terminal amino acids of Talin-1 are sufficient to activate both
the α5β1 and α5β3 integrins.(8 ) Cells that over express Talin-1(405) are capable of
forming mature focal adhesions with smaller adhesive pads area compared to wild type
cells through the increased integrin affinity caused by increased inside-out signaling.
The increased cytoplasmic activation of integrins enables sufficient integrin clustering
needed for adhesion with lower available surface area.(4 )

To test if integrin activation could promote the focal adhesion maturation and sta-
bilization process disrupted by patterned nanopits, cells were transfected with DNA
plasmids encoded with GFP/Talin-1(405). Focal adhesion maturity was quantified
by the focal adhesion size, which uniquely predicts cell motility, as discussed by Kim
and Wertz.(5 )

Figure ?? shows wild-type (WT) cells and cells transfected with talin-1 (Talin+)
on planar and 4 µmu pitch patterns. With no nanotopographical patterning, Talin
overexpressing (Talin+) cells were able to form larger adhesions in the center of the
cell body than wild type cells. On 4 µm pitch patterns, which showed the greatest
ability to reduce focal adhesion size in wild type cells, Talin+ cells are still able to
make large focal adhesions. Talin-1 overexpressing cells were able to overcome the
planar surface area limitation on nanopatterned surfaces and formed large, mature
focal adhesions with lengths ∼10µm throughout the cell body.

Time lapse imaging in Figure ?? cells on the gradient pattern were unable to
migrate away from low pitch pattern regions as seen in wild type cells. Figure ??
also shows the focal adhesion size distributions on planar, 2 and 4 µm pitch patterns.
Talin+ cells on all topographies formed much larger focal adhesion and the nanopits
were unable to significantly alter the mean size of these distributions. The data
suggest that integrin activation led to less turnover of focal adhesions and resulted in
less migration. Cells retain their ability to adhere to the surface, but cannot turnover
focal adhesions and form new ones, a necessary step of migration. These results
support other studies in the conclusion that Talin activation of integrins enables cells
to overcome area limitations to form larger focal adhesions. In the context of this
study, this experiment shows that integrin activation is involved and somehow by the
nanopatterned pits.
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Figure 2.7: Talin-1(405) Transfected NIH3T3 Fibroblasts on Isometric
Patterns

Talin+ cells have been transfected to overexpress the first 405 amino acids of the
Talin protein. Compared to wild type (WT) cells, Talin+ cells have more focal
adhesions throughout the cell body, which are revealed by vinculin immunofluo-
rescent staining. On isometric 4 µm patterns, Talin+ retain their ability to form
large adhesions throughout the cell body unlike wild type cells. Scale bars =10
µm.
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Figure 2.8: Migration and Focal Adhesion Size Distribution of Talin+
NIH3T3 Fibroblasts on Nanopatterns

a-d Time lapse images of Talin-1(405) over expressing fibroblasts (Talin+) on
gradient patterns. Cells that attach in the first hour fail to migrate away from
high density gradient regions. e Talin+ cells have much larger mean size of focal
adhesions, quantified by area, than WT cells. Although, nanopatterning reduces
focal adhesion size significantly for wild type cells, Talin+ focal adhesion size is
not significantly affected. Scale bars =350 µm.
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2.5 Future Direction and Conclusions

Our nano-patterned surfaces go beyond solely altering cell adhesion motifs, the
prominent approach for cell patterning, and instead guide cell migration by disrupting
mature FA formation. Certain combinations of diameter, depth, and pitch promote
cell migration, which can be exploited to pattern cells into lines, circles, or other
structures. This method could have great promise if used to pattern cells on relevant
biomaterials. In this study, Koo and Jeon showed an extension of this method on
tissue culture polystyrene. Other materials of interest might include implantable
materials such as poly(urethanes), poly(dimethylsilane), or titanium. Patterning cells
in vivo can be leveraged to reduce scarring or fibrous tissue encapsulation.
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Chapter 3

Using a Macrocyclic Polyphenol
Coating to Block Absorption in
PDMS-based Microfluidic Systems

3.1 Abstract

There are many virtues of PDMS including ease of making a device, optical trans-
parency, and high oxygen permeability. These qualities contribute to its widespread
use in early MPS applications. One concern is that conventional PDMS as a substrate
for microfluidic devices may result in significant absorption of over 90% of lipophilic
compounds in unpredictable ways. The partition coefficient, partition coefficient (P)
(specifically, Log of the partition coefficient (Log P)) of a drug can be used as a rough
guide to predict absorption behavior. For drugs with Log P ≥ 2.4, 90% absorption of
the analyte into PDMS is expected. This chapter describes the development of a novel
macrocyclic polyphenol coating that minimizes the absorption of small molecules.

In this work, we discovered a polyphenol coating precurser to prevent hydrophobic
drug absorption into PDMS. Our coatings reduce the absorption of Rhodamine B (Log
P=2.4) and C1BodipyC12 into PDMS by 90% over a 3h period and remained stable
for 24h in media conditions. This polyphenol, Macrocyclic PolyPhenol 5 Cone Isomer
(MPP 5cone), outperforms other solutions to drug absorption in terms of ease of use,
associated costs, and universal applicability with absolutely no decrease in oxygen
permeability or acute toxicity, which preserves the long-term cell culture amenability
of PDMS. Compared to human induced pluriopotent stem cell-derived cardiomyocytes
(hiPSC-CMs) seeded on native PDMS, hiPSC-CMs beat the same or better on MPP
5cone coated PDMS and exhibit similar metabolism in an alamar blue assay.

Surface modification of PDMS is notoriously challenging and often involves com-
plex multi-step methods that produce inconsistent results even in experienced hands.
Furthermore, translation of coating technologies from one material platform to an-
other is often not possible due to highly specific chemical reactions on surfaces. To
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address these challenges, we exploited the strong solidliquid interfacial activity of
polyphenols to create coatings that act as physical barriers to prevent drug absorp-
tion in PDMS. Deposition of polyphenol coatings occurs by autooxidation of the
phenolic precursor occurs in aqueous alkaline buffer making it easily translated into
microfluidic systems. SEM, XPS, and contact angle were used to characterize the
homogeneity, roughness and thickness of the polyphenol coating. Using a diffusion
model with fluorescent dyes as drug surrogates, the effective diffusivity of the dyes
was measured as well as an estimate of the amount absorbed by area under the curve
analysis of confocal z-stack images after dye incubation. Using a Franz cell diffusion
apparatus, we further quantified the barrier properties of the MPP 5cone coating us-
ing Rhodamine B (log P = 2.74) as a fluorescent drug surrogate to provide quick
insight into coating performance and to compare effective diffusivity measurements.
The coating was found to reduce absorption of a variety of drug surrogate molecules
with log P’s from 0.85 to 7.12, although not all molecules in this range were blocked.
However, because this method is facile, simple, and inexpensive;thus, it has the po-
tential to be a complete solution to the drug absorption problem in PDMS for some
molecules.



CHAPTER 3. USING A MACROCYCLIC POLYPHENOL COATING TO
BLOCK ABSORPTION IN PDMS-BASED MICROFLUIDIC SYSTEMS 41

3.2 Introduction to Microphysiological Systems

Drug development is an painstaking process with an estimated price tag of $2.6
billion for a single compound.(1 ) Nearly 40% of drugs that make it to pre-clinical
trials fail, and 89% of drugs that make it to clinical trials fail resulting in a great
loss of resources and time. New models and methods are needed to increase the
predictive power of in vitro testing to reduce the number of false positive and false
negative candidates. MPS can be used to combine genetically relevant cell lines in
micro-environments that recapitulate not only organ specific structure, but also organ
system relationships to access not only on target, but also off-target toxicities and
efficacies.

3.3 PDMS Advantages and Challenges in

Microphysiological Systems

Most MPSs are easily manufactured using well known lithography techniques.(2 )
Briefly, photoresist is spin coated onto a silicon wafer, a mask is used to expose
specific features to ultraviolet (UV) radiation to crosslink the photoresist. Next, the
wafer is developed. Developing is the process when the un-crosslinked photoresist is
removed with a solvent. PDMS is poured over the wafer to create a negative of the
features. The features can be custom designed to hold cells in chambers with inlet
and outlets for media perfusion using design software for the previously mentioned
mask. PDMS has many characteristics that make it the most popular candidate
for producing devices. PDMS is easily cross-linked by mixing a silicone base with a
cross-linker and heating in an oven for a few hours. After crosslinking, the PDMS has
been shown to be biologically compatible and amenable to many standard cell culture
techniques due to its transparency, oxygen permeability, and low auto-fluorescence.
Devices can be produced inexpensively with highly precise reproducible structures.

Although PDMS has several positive attributes, many have shown that due to
its hydrophobicity, molecules that are also hydrophobic absorb into the PDMS.(3,
4 ) Specifically, Wang has found that molecules with a Log P value above 2.47 will
partition into the PDMS to produce unpredictable concentrations in cell and media
channels making it impossible to predict the actual dosing concentrations for drug
investigations in MPS. This unpredictability is an obstacle for using MPS devices as
screens for drug candidates in discovery stages.

3.4 Current Strategies for Reducing Small

Molecule Absorption in PDMS

Many have attempted to develop methods to solve the problem of absorption and
swelling of PDMS in the presence of hydrophobic molecules and solvents.
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One group of methods involves using other less absorbent materials. Glass mi-
crofluidic devices completely eliminate absorption while remaining biocompatible, but
require expensive fabrication techniques and instrumentation. Glass microfluidic de-
vices also lack the gas permeability needed for microfluidic cell culture, and cannot
incorporate flexible structures or surfaces for force-related experiments. One solution
presented by Domansky replaces PDMS with casted poly(urethane) elastomers.(5 )
Although, this elastomer shows many of the positive characteristics of PDMS, the
castable polyurethanes explored cannot be easily released from silicon-SU-8 master
wafers and therefore require additional steps in molding, including a PDMS molding
step, significantly increasing costs. Additionally, the gas permeability needed for long
term culture has not yet been investigated as the primary structure of polyurethanes
significantly influences oxygen permeability.(6 )

Other solutions focus on developing barrier coatings for PDMS surfaces to pre-
vent small molecule absorption. Silica sol-gel coatings were developed and showed
great efficacy in preventing absorption of hydrophobic dyes, but the sol-gel coat-
ing effectively creates a glassy impermeable gas barrier making devices incompatible
with long term cell culture.(7 –9 ) Additionally, the precursors, usually silanes such
as methyltriethoxysilane (MTES), present severe health and safety hazards and are
costly. Parylene coatings were also used to prevent the absorption of hydrophobic flu-
orescent dyes, but again these coatings create a virtually impermeable barrier to gases
needed for cell culture and require expensive equipment and complicated deposition
processes.(10 )

Although these approaches and others present solutions for decreasing absorbance
of molecules into PDMS, they do not allow for long term cell culture conditions needed
in microphysiological systems that are able to support cells for up to a month and
also these solutions significantly increase costs.(11 )

Other surface modification methods such as self-assembled monolayers and func-
tionalized silanes have also been used, but again can only be employed on a small
subset of substrates with great costs or complex processes that even in the best hands
may not produce reliable barriers.(7 ) The ideal solution preserves the low cost of cur-
rent PDMS-based microfluidic devices, can be employed through a facile, universally
applicable protocol, is biocompatible and gas permeable.

3.5 Materials and Methods

3.5.1 MPP 5cone Precursor Synthesis

Ethanol,de-ionized (DI) water, and 37% hydrochloric acid (HCl) (3:1:1) were
stirred and cooled in an ice bath. Resorcinol and 3,4-dihydroxybenzaldehyde, 21.7
mmol each, were dissolved in the cooled solvent solution and sparged with nitrogen
gas for 15 minutes. The flask was then sealed and the reaction mixture was stirred
at -20 C for 3 days (see Figure 3.1).The reacted mixture was centrifuged (3500g, 10
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Figure 3.1: MPP 5cone Precursor Synthesis.
Conditions: i) resorcinol (1 mol %), 3,4-dihydroxybenzaldehyde (1 mol %) in
ethanol (EtOH), H2O, and HCl under N2 at -20 C for 3 days; ii) wash with cold
H2O; iii) wash with cold EtOH, iv) and wash with cold Et2O.

min, -5 C) and the red supernatant was decanted. The precipitate was resuspended in
20 mL of cold DI water and centrifuged again. This purification process was repeated
with ethanol and diethyl ether. The residue was then dried under vacuum.

3.5.2 High Pressure Liquid Chromatography

High Pressure Liquid Chromatography (HPLC) was performed on an Agilent
HPLC system equipped with a C18 column and a UV detector. The solvents were
HPLC-grade acetonitrile and DI water with 0.1% trifluoroacetic acid. MPP 5cone
was dissolved at 0.1 mgmL−1 in water and acetonitrile (95:5). 20 µL were injected
into the column, and MPP 5cone eluted after 5 minutes of water and acetonitrile flow
(95:5). The UV absorbance at 223 nm was detected.

3.5.3 Nuclear Magnetic Resonance

The Nuclear Magnetic Resonance (NMR)(1H) spectrum of MPP 5cone was recorded
on a Bruker AVB-400 with Dimethylsulfoxide (DMSO) as the solvent and tetramethyl-
silane as an internal standard.

3.5.4 Poly-dimethyl Silane (PDMS) Sample Fabrication

Poly-dimethyl silane elastomer and curing agent (Sylgard 184) were mixed 10:1
by weight, then degassed for at least 30 minutes under vacuum. Planar Samples
Fabrication | PDMS mixture was poured in an acrylic mold onto an unpatterned
tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilanized (Gelest) silicon wafer. Upon
demolding, PDMS pucks of 8mm diameter were created using a biopsy punch to
make planar samples. Planar samples were cleaned by 10 minutes of sonication in
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0.12 M HCl and 2-propanol, rinsed 3 times with Millipore filtered water and dried
with nitrogen gas. Microfluidic Channels Fabrication | Wafers with patterned SU-8
channels were made using standard lithography techniques. Channels were cut to
size and punched with inlet and outlets and cleaned with adhesive tape (Scotch) and
bonded to glass slides using oxygen plasma (120 W, 60s). Channels were cleaned by
pumping a solution of 0.12 M HCl and 2-propanol at 10 µ L per min for 1 hour,
then infused with Millipore filtered water for 1 hour at 10µL per min. Membrane
Fabrication | Silanized blank silicon wafers were spin coated with PDMS mixture at
250 rpm for 11 s then ramped to 500 rpm for 31 s and cured for 2 hours at 90 C, then
cleaned similar to planar samples.

3.5.5 MPP 5cone Coating Procedure

MPP 5cone was first added to DMSO to make a 1% w/v solution and vortexed.
The DMSO solution of MPP 5cone was then diluted 1:9 in coating buffer solution
(0.55 M MgCl , 0.11 M Bicine, pH 8.5) to make the final coating solution. The pH
was immediately re-adjusted to 8.5 using NaOH. Membranes and planar samples were
cleaned, then immersed in the coating solution and placed on an orbital shaker at
40 rpm at room temperature for 24 hours unless otherwise noted (see Figure 3.2).
Samples were then rinsed with Millipore water and dried using nitrogen gas. Channels
were infused with coating solution loaded into 1 mL syringes (Polypropylene, BD)
and infused at 10 µL min−1 for 10 minutes and then 2 µL hr−1 for 24 hours, and then
infused with Millipore water for 1 hour at a rate of 10µL min−1.

3.5.6 Contact Angle Measurements

Rame-Hart DropImage analysis software and hardware setup were used to obtain
contact angle measurements with automated drop volume control module and video
analysis.

3.5.7 Fluorescent Dye Absorption and Effective Diffusivity
Assay

Planar samples of PDMS were then placed in separate baths of 100 µM dye solu-
tions for 3 hours, removed, dried, and placed on glass coverslips. A 10x objective was
used to acquire confocal z-stacks (Zeiss 710 Axio-Observer) The absorbance profile
was then acquired using ImageJ software to plot Z-axis orthogonal profiles of image
stacks. Graphpad Prism software was used to integrate the area under the Z-axis
intensity profiles as one method of comparison. Computational models were fitted
using Mathematica Non-linear model fit function to estimate values of effective dif-
fusivity (Deff ), as another method of comparison. This methods was repeated on
acquired samples of 3D printed acrylate as a gift from the lab of Teresa Woodruff and
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Substrates are cleaned using an acidic solution of isopropranol. Cleaned
substrates are incubated at room temperated for 24 hours in MPP 5cone coating

solution then rinsed with water three times and stored in DI water for short
time periods (∼ 5 min before use).

Figure 3.2: MPP 5cone Coating Method.

nylon. Nylon samples were incubated in 100 µM Rhodamine B for 24 hours before
imaging.

3.5.8 Small Molecule Permeation Assay

Membrane thickness was measured using a digital thickness gage (Mitutoyo 4.7
Throat). Unjacketed glass 15 mm Franz cells with 3 mL receptor volumes (Permegear,
Inc) were mounted with PDMS membranes. Receptor volumes were loaded with 10%
DMSO by volume in PBS. 100 µM molecule solutions in PBS were loaded into donor
compartment and capped with a rubber stop. All receptor compartments were stirred
at the same speed. 200 µL aliquots from the receptor compartment were taken at
noted time intervals. Liquid chromatography mass spectrometry (LC/MS) was used
to quantify amount of drug at the drug’s highest absorption wavelength.

3.5.9 Oxygen Permeation Assays

MOCON, inc performed oxygen flux measurements using ASTM F1927 standard
with the modification of using the OxTran 210 sensor in order to reach higher oxygen
flux readings. Samples were masked down to 5cm2.
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3.5.10 hiPSC-derived Cardiomyocyte Beat Rate Analysis
Assay

PDMS surfaces were prepared by pouring PDMS mixture into tissue culture
polystyrene 12 wells and cured for 2 hours at 90 C. The plates were sterilized by
30 minutes of UV exposure. iPSC-derived cardiomyocytes produced using a robust
directed differentiation method developed by Lian et al and optimized by Mathur
et al were seeded at a density of 3x105 cells per cm2 in RPMI +B27+ Y-27632 on
PDMS surfaces coated with and without MPP 5cone coating (N=6). (11, 12 ) After
24 hours, media was removed and cells were treated with the same media without
Y-27632. Media was changed every 2 days over the 28 day study with video analysis
occurring immediately before media changes. Video-based motion tracking software
developed by Huebsch and Loskill was used to acquire beat rates for quantitative
analysis.(13 )

3.5.11 hiPSC-derived Cardiomyocyte Cell Viability Assay

Standard 96 well plates were coated or not coated with MPP 5cone per the protocol
mentioned previously. Matrigel was then coated on all wells for 1 hour at 37 C.
hiPSC-CMs were then plated at a density of of 3x105 cells per cm2 in RPMI +B27+
Y-27632. After 24 hours, the media was changed to RPMI + B27. Cells were then
cultured for 7 days with fresh media changes every 2 days. An Alamar Blue assay
was performed on day 7 by changing the media to 200 µL of DMEM+B27 with 20%
Alamar Blue reagent (Thermofisher). Cells were incubated (37 C, 5% CO2) for 3
hrs. The supernatant was then transferred to black well plates and read on Molecular
Devices plate reader with fluorescence (540/585nm). Culture plates were then washed
with PBS 1x, aspirated, and frozen at -20 C for 2 hrs. The plate was then thawed
and standard CyQuant c© protocol was followed using fluorescence (508/527nm) read
on plate reader (Molecular Devices). The Alamar Blue data was then normalized by
the relative Cyquant c© fluorescence to get activity per cell.

3.5.12 Human Mesenchymal Stem Cell-derived White
Adipose Tissue MPS Viability Assay

White adipose cells were loaded into WAT MPS developed by Loskill et al.(14 )
After 4 days, the cell chamber was infused with calcein AM and ethidium homodimer-
1 in maintenance media to label live and dead cells, respectively. Fluorescent images
were acquired using standard fluorescence microscopy.

3.5.13 Scanning Electron Microscopy

Planar samples were coated with a 80 nm gold conducting layer to reduce charging.
SEM images were taken on FEI Quanta 3D FEG FIB/SEM.
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3.5.14 X-ray Photoelectron Spectroscopy

XPS was performed using a Perkin Elmer PHI 5600 instrument. The X-ray source
employed was a monochromatic Al Kα (1486.6 eV) source operated at 100 W and
10−10 mbar.

3.6 Results and Discussion

3.6.1 Polyphenols Increase Hydrophilicity of PDMS

Polyphenols have been known to increase the hydrophilicity of PDMS for biolog-
ical applications.(15 –18 ) Increasing wettability reduces the affinity for hydrophobic
molecules to absorb into PDMS. To begin this study, a screen of polyphenol precur-
sors was done to find the most effective polyphenol at increasing PDMS hydrophilicity
through contact angle measurements.

Pyrogallol (PG), polydopamine (PDA), macrocyclic polyphenol (MPP) arenes,
and Lignin (LG) among other precursors were explored. The MPP 5cone) coating
decreased the sessile contact angle of PDMS from ∼ 102 ± 2◦ to ∼ 46 ± 3◦, lower
than PG, LG, and PDA, 75± 2◦, 56± 3◦, and 50± 2◦, respectively. Monofunctional
thiolated polyethylene glycol (SH-mPEG, 2kDa) was used to further functionalize the
PG coating, decreasing the contact angle to 45 ± 7◦. This functionalization scheme
comes at a great cost since thiolated PEGs are quite expensive compared to single
component polyphenol coatings. Contact angle results are shown in Figure 3.4.
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Figure 3.3: Polyphenol coatings increase hydrophilicity of PDMS
Sessile contact angle measurements show a significant decrease in wetting angle
for all polyphenol coatings. (PG - Pyrogallol, SH-PEG - monofunctional thio-
lated polyethylene glycol (2kDa), PDA - polydopamine, Lg - Lignin, MPP 5cone -
macrocyclic polyphenol 5 cone isomer). *p¡0.05.
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3.6.2 Reduction of Small Molecule Absorption

In order to access the barrier performance of PDMS treatments, Rhodamine B is
often used as a drug surrogate to track absorption through fluorescent microscopy.(3,
5, 10 ) After 3 hour incubations with 100 µM Rhodamine B, confocal Z-stack images
through the surface of PDMS blocks were used to produce intensity versus depth
profiles and integrated to compare Deff measurements. The AUC can be used as a
proxy for the total amount absorbed since dye intensity is proportional to dye concen-
tration for the range of concentrations used in this study. MPP 5cone-coated PDMS
showed significantly lower AUC compared to other polyphenol coatings, confirming
MPP 5cone as the most effective precursor of the testing group. Specifically the AUC
analysis of the Rhodamine B intensity profiles showed that MPP 5cone reduced the
absorption of Rhodamine B by 90± 2%, compared to 72± 7%, 26± 6% and 31± 3%
for PDA, PG, and LG, respectively.

Figure 3.4: MPP 5cone reduces Rhodamine B Absorption
All polyphenols reduced the absorption of Rhodamine B significantly. Pyrogallol
(PG), polydopamine (PDA), and lignin (LG) reduced the area under the fluores-
cence intensity curve (AUC) to 75±6%, 28±7%, and 69±3% of uncoated PDMS,
respectively. MPP 5cone reduced the absorption to 10±2%, the highest reduction
in absorption. *p¡0.05.
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In the development of the MPP 5cone molecule, another isomer of MPP 5 was
also produced under previously published reaction conditions. MPP 5chair, was also
tested for barrier capability, but showed a diminished ability to block Rhodamine B
absorption compared to MPP 5cone, despite its ability to also form a stable coating
(see Figure 3.6). (19, 20 ). In Figure 3.5, both isomer coatings were exposed to
100 µM Rhodamine B solution. The chair isomer failed to reduce the absorption
of Rhodamine B as well as the chair isomer. The reason for this might be linked
to our observation that the monomers in the cone isomer might form more complex
conjugated systems measured by absorption (see Figure 3.7. Hence, the coating that
is created from the cone isomer is more densely cross-linked than chair confirmation,
resulting in a more effective barrier to small molecule absorption. The mechanism
of most polyphenol polymerizations are not fully elucidated and for the purpose of
this study was not necessary to understand for the application of barrier effectiveness.
Instead, optimization of the reaction shown in Figure 3.1 was done to produce a higher
amount of the cone isomer. As the cone isomer is less favorable energetically the
temperature of the reaction was lowered to -20 C. At this temperature, the resulting
product is 97% cone isomer, verified by NMR and HPLC.

Figure 3.5: MPP 5chair and MPP 5cone Absorption of Rhodamine B
Chair and Cone isomer coatings on PDMS were exposed 100 µM solutions of
Rhodamine B for 3 hours. Confocal z-stack imaging revealed that Rhodamine B
penetrated deeper into the substrate for chair isomer coated PDMS than for the
cone isomer. Fissures from drying can also be seen in the image, but do not effect
the performance of the coating. 1 mm scale bar.



CHAPTER 3. USING A MACROCYCLIC POLYPHENOL COATING TO
BLOCK ABSORPTION IN PDMS-BASED MICROFLUIDIC SYSTEMS 51

Figure 3.6: MPP 5 Isomer Performance
Isomers of MPP 5cone perform significantly differently. The chair isomer lacks the
ability to consistently block Rhodamine B absorption. The cone isomer effectively
blocks Rhodamine B absorption. If cone and chair isomers are mixed in a 50/50
mixture, large variability in barrier performance is seen (not shown). *p¡0.05.
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Figure 3.7: Optical Density during MPP 5 Isomer Polymerization
As polymerization of the MPP 5 monomer progresses, the optical density increases
due to the increase in conjugated rings present in the polymer. The cone isomer
reaches a significantly higher optical density, possibly due to higher system con-
jugation due to less steric hindrance in the monomer. Measurements were taken
at 550 nm, n=8).
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Figure 3.8: MPP 5Cone Isomer NMR
Cone isomer of MPP 5cone

1HNMR Spectrum.
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Figure 3.9: HPLC of MPP 5cone Precursor
HPLC Spectrum of MPP 5cone. Solvent gradient began with 95% water to 100%
acetonitrile in 5 minutes.
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Microphysiological system designs sometimes incorporate other materials such as
membranes made from a variety of polymers. Additionally, devices are often con-
nected to external pumps with Tygon tubing and polystyrene connectors. These
materials also absorb small molecules, although to a lesser extent than PDMS. For
example, the mini reproductive organ system from Xiao and Woodruff uses a 3D
printed acrylate (21 ). Researchers in this lab noticed a loss of estradial (Log P=3.5)
during drug testing. The MPP 5cone coating on the acrylate in that study showed
similar ability to decrease absorption of Rhodamine B as shown in Figure 3.10. Ny-
lon was also investigated. Although it does not readily absorb Rhodamine B as in
PDMS and the acrylate, after 24 hours of exposure to 100 µM Rhodamine B so-
lution, it also showed some absorption, which was also significantly decreased on
samples coated with MPP 5cone. The coating also showed to be stable on a variety
of polymers shown in Figure 3.13. Other polymers were incubated in Rhodamine B
to compare absorption but many of the harder polymers such as polystyrene, showed
no detectable absorption even after 24 hours of exposure so it would not be necessary
to coat these materials to block absorption. However, there may be other reasons to
coat these materials covered in Chapter 4.

Figure 3.10: MPP 5cone Reduces Absorption in Other Materials
MPP 5cone reduced the absorption of Rhodamine B (100 µM) into PDMS and the
3D printed acrylate used in (21 ). ** PDMS and the acrylate were exposed for
3 hours to 100 µM Rhodamine B PBS solution. Nylon was exposed to 100 µM
Rhodamine B for 24 hours. (*p¡0.05)
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Figure 3.11: MPP 5cone stability on other polymers
MPP 5cone produced stable coatings on a variety of polymers and other materials
such as metals (not shown).

3.6.3 MPP 5cone Coating Characterization

The roughness and the thickness of the coating increase with incubation time,
starting with a thin, smooth coating within a few hours. After 24 hours in a 1mgmL−1

coating solution, the surface is rougher, covered with micron sized polyp structures
visible with scanning electron microscopy, and is 400 nm thick (Figure 3.12). High
resolution x-ray photoelectron spectroscopy (HR-XPS) (Figure 3.14) reveals a shift
in the O1s peak due to the HO-aromatic bond on the MPP 5cone structure. We
hypothesize that the coating is not able to swell as much as the PDMS, and possibly
more brittle, resulting in a cracked structure when dried (see Figure 3.15. Without
cracking, it would be expected that the Si2p peak would be completely masked by a
coating of this thickness. On other stiffer surfaces, such as titanium oxide (TiO2), no
formation of fissures occurs upon drying. However, we note that the barrier efficacy
of the coating was not decreased due to fissure formation upon drying. In Figure 3.5,
the fissure are visible through the Rhodamine B staining. There is slight penetration
of the molecule in the cracks, but there still seems to be an underlying layer that
blocks the Rhodamine B from penetrating to the extent it does in uncoated or MPP
5chair coated PDMS.
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Figure 3.12: MPP 5cone Scanning Electron Microscopy
Over incubation time the MPP 5cone changes from a thin smooth coating to a
rough surface with a polyp-like structure.
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Figure 3.13: MPP 5cone Scanning Electron Microscopy
Over incubation time the MPP 5cone changes from a thin smooth coating to a
rough surface with a polyp-like structure.
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Figure 3.14: MPP 5cone X-Ray Photospectroscopy
After coating PDMS, the Si-O 1s peak is still detectable, in addition to a new
peak for the HO-aromatic on the polyphenol polymer.
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Figure 3.15: MPP 5cone Coating Drying Over Time
On PDMS, the arene coating cracks upon drying. From left to right, shows the
coating drying in a matter of a few minutes. This effect does not happen on stiffer
surfaces such as TiO2 (not shown).

The stability of the coating was tested by incubation in a variety of solvents
and acidities (Figure 3.16). The MPP 5cone coating is stable in all conditions tested
with the exception 2M NaOH, which almost completely removes the coating without
significant agitation. We were able to exploit this property to clean the MPP 5cone
from unwanted surfaces for reuse. We also tested the coating stability at 75 C in water
and 100 mM Ethylenediaminetetraacetic acid (EDTA), a chelating agent, for 24 hours
to show that the coating is not held together by reversible metallic interactions (see
Figure 3.16). This coating showed excellent stability in DMEM media, which is ideal
for our bio-applications. Other conditions were also tested and the only condition
able to remove the coating was 2M sodium hydroxide solution. This property was
leveraged to remove the coating from surfaces where the coating was not desired.
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Figure 3.16: MPP 5cone Coating Stability
On PDMS, the MPP 5cone coating remains stable when exposed to a variety of
biologically relevant solutions with a range of pH. EDTA is a chelator and was
chosen to show that the coating held together by the metal ions used in the coating
buffer.

3.6.4 Effective Diffusivity & Permeability Reduction

The loss of drug from media is controlled by the affinity of the drug for the PDMS
wall, which is governed by equilibrium thermodynamics, and the rate at which the
drug diffuses away from the media-channel wall interface, which is a matter of diffusion
kinetics. Shirure and George propose using microfluidic design to reduce drug loss
in MPS systems, but some deterministic parameters such as flow rate, solubility,
and surface-area to volume ratio, are unalterable in order to recapitulate certain
microphysiological environments.(22 ) For example, high fluid velocity decreases drug
loss, but also prevents vital nutrients from reaching cells by decreasing the molecules
ability diffuse through membranes or other barriers that are included to reduce shear
stress on cells.

Our barrier coating affects the first step of the loss process by reducing the affinity
of the drug for the surface. This affinity of molecules for hydrophilic vs hydrophobic
environments is quantified by the partition coefficient, usually reported in its Log
form, Log Pow. Log Pow, is the Log of the ratio of the equilibrium concentrations
of the molecule in octanol, a hydrophobic solvent, and water, a hydrophilic solvent.
The larger the value of Log Pow, the more hydrophobic the molecule. Log Pow is
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found to be a good estimate of the partition coefficient of PDMS and water, Log

PPDMS−W , which we will refer to as Log P heretofore.(23 ) Log P values of most
biological molecules and drugs can be found online or estimated using software that
analyzes molecular structure. Wang has found that molecules with a Log P value
above 2.47 will partition into the PDMS with estimated losses of ∼ 90%.[6](3 ) The
equilibrium concentration of the drug in the PDMS wall at the liquid-solid interface
can be calculated from P by:

Ci,P = PCi,sl (3.1)

where Ci,P is the concentration in the polymer at the liquid-solid interface, and Ci,slis
the concentration in the solution at the liquid-solid interface. The barrier coating ef-
fectively reduces the partition (P) value and results in less dissolved drug in the poly-
mer at the interface. After dissolution in the PDMS surface, the drug then can move,
or diffuse, away from that interface into the bulk of the polymer by a concentration-
driven thermodynamic force. This mass transport phenomenon is modeled by Ficks
Second law of diffusion and follows the following partial differential equation in 3
dimensions (x, y, z):

∂CP
∂t

= DP

(∂2CP
∂x2

+
∂2CP
∂y2

+
∂2CP
∂z2

)
(3.2)

where CP is the concentration defined by space and time in the polymer and DP is the
diffusivity of the molecule in the polymer matrix. If we assume that we are looking
at short times or large x-dimensions (compared to y and z), we can employ the semi-
infinite media condition along with the equilibrium boundary condition (Equation
3.3) at the interface, and the solution to the diffusion equation becomes:

CP (x, t) = Ci,PErfC

(
x√

4DP t

)
(3.3)

If we assume that the intensity of the fluorophore varies linearly with its concen-
tration, intensity can be used as a proxy for the concentration and then Equation 3.3
becomes:

IP (x, t)

Ii,P
= ErfC

(
x√

4DP t

)
(3.4)

Because we have a 2 layer system, instead of DP , which assumes we have one
constant diffusivity throughout the bulk material, we call this property the effective
diffusivity, Deff , of a molecule in our 2 layer system. Comparing the model to the
actual intensity profile of Rhodamine B in PDMS, in Figure 3.17 we see the model
closely predicts the intensity profile.
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Figure 3.17: Rhodamine B Diffusion Model Compared to Actual Data
With appropriate boundary conditions and model, the effective diffusivity, Deff ,
can be estimated from intensity profile curves attained through the PDMS surface.
Here, the model very closely aligns with the actual data and can be used to
estimate Deff .

For dyes with a range of reported Log P values, Deff was calculated for each dye
by solving the intensity profiles in the form of Equation 3.4. The area under the
curve (AUC) was always recorded and compared. The dye names and results are
summarized in Figure 3.19. Rhodamine B, Brilliant Green, and Metanil Yellow were
significantly reduced by Deff comparison. While some dyes are increased, 8 out of
the 11 dyes are reduced at least slightly.
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Figure 3.18: Change in Effective Diffusivity and Area Under the Curve
Intensity Measurements for Molecules with Range of Log Ps
With appropriate boundary conditions and model, the effective diffusivity, Deff ,
can be estimated from intensity profile curves attained through the PDMS surface.
Deff was calculated for a variety of molecules with a wide range of Log P. The
area under the intensity profiles was also calculated as an additional method to
compare uncoated and MPP 5cone coated PDMS. Rhodamine B, C1-BODIPY-C12,
Brilliant Green, Rhodamine 101, nonyl acridine orange (NAO), Metanil Yellow,
and Rhodamine 6G significantly determined by either Deff or AUC.
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Figure 3.19: Dye Molecules Used in Effective Diffusivity Models and
Comparisons
With appropriate boundary conditions and model, the effective diffusivity, Deff ,
can be estimated from intensity profile curves attained through the PDMS surface.
Deff was calculated for a variety of molecules with a wide range of Log P. The
area under the intensity profiles was also calculated as an additional method to
compare uncoated and MPP 5cone coated PDMS.
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Figure 3.19 (Continued): Dye Molecules Used in Effective Diffusivity Mod-
els and Comparisons
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Figure 3.19 (Continued): Dye Molecules Used in Effective Diffusivity Mod-
els and Comparisons

Another property used quantify the ability of a molecule to absorb into and diffuse
through a material is the permeability, which can be measured using Franz cell. Figure
3.20 shows a schematic of Franz cell. Franz cells are used to quantify the permeability
of a molecule through a membrane. By tracking the concentration over time, you can
calculate the amount of an analyte that has diffused through a membrane. From the
the time plot of the accumulation of analyte in the receptor chamber the flux kinetics
can be elucidated and used to find the permeability constant of the experimental set
up. Franz cells are often used to quantify permeability of drugs in skin, through other
types of membranes, etc. Permeability is an important value for design considerations
for drug delivery as well as microphysiological environment control.
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Figure 3.20: Schematic of Franz Cell
A Franz Cell can be used to measure the Permeability (Dk) of a membrane.
Briefly, the transport of analyte across the membrane is driven by a concentra-
tion gradient between the donor and the receptor compartments. The cumulative
amount that diffuses through the membrane once steady state is reached is rep-
resented by the variable Qss(t), which is dependent on the Dk, the donor concen-
tration (Cdonor), time (t), the thickness of the membrane (L), and the diffusivity
of the molecule in the membrane (D). In this case, the Franz cell was used to
measure the change in permeability due to the change in surface chemistry after
surface modification with the MPP 5cone coating.
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A donor solution with analyte is placed on one side of a membrane, with a receptor
solution without analyte on the other side. The receiving side acts as a sink as long
as the concentration remains relatively close to 0. If steady state is assumed and
the boundary conditions on the membrane are applied, the solution to the diffusion
equation becomes:

QSS(t) = DkCdonor

(
t− L2

6D

)
(3.5)

where QSS is the cumulative number of moles that has diffused through the mem-
brane after time t during steady state diffusion, Cdonor is the donor concentration,
L is the thickness of the membrane, and Dk is the permeability of the molecule in
the membrane. By plotting QSS, the permeability can be measured by the slope,
since Cdonor is known. QSS can be experimentally measured by quantifying the con-
centration of drug in the receptor compartment overtime using UV-vis spectrometry,
HPLC, or Liquid Chromatography with Mass Spectrometry (LC/MS), without the
need for fluorescent dyes. Using this experimental set up, we found the permeability
of Rhodamine B was reduced by 60%, which is comparable to the 67% reduction in
Deff in the fluorescent confocal microscopy model. The results are shown in Figure
3.21.
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Figure 3.21: Rhodamine B Permeability Measurements from Uncoated
and MPP5cone Coated PDMS
100 µM Rhodamine B was used as a donor solution for a Franz diffusion cell. The
receptor concentration was measured by liquid chromatography mass spectrome-
try (LC/MS). The MPP5cone coating reduced the Rhodamine B permeability by
60%.
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3.6.5 Coating Characterization and Performance in a
Microfluidic Channel

Coating the MPP 5cone on microfluidic channel walls is simple and requires the
same basic steps as coating any planar substrate. The cleaning, coating, and rinsing
steps were all accomplished using a syringe pump that can be easily set to perform
infusion over a range of flow rates. Instead of submerging PDMS into the coating
solution, the solution is infused from syringes preloaded with the coating solution.
Flow rates can be controlled to lower than 0.5 µL min−1 to as high as 10 µL min−1.
The upper limit is restricted by the burst pressure of the PDMS device bonded to a
glass slide through oxygen plasma activation. In order to gain access to the channels
for SEM imaging after coating, the device bonding step was altered to use Poly-L-
Lysine (PLL) reversible bonding with glass.(24 ) Using this method the PDMS could
be removed from the glass slide and imaged on SEM to see the thickness of the MPP
5cone coating. SEM micrographs revealed that lower infusion speeds produce thicker
coatings as shown in Figure 3.22. Figure 3.23 is an SEM micrograph of a channel
coated using a 1 uL hr−1 flow rate.
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Figure 3.22: Coating Thickness in Microfluidic Channel
The coating protocol can be modified by using programable infusion pumps. By
decreasing the flow rate of the coating solution, the thickness of the MPP 5cone
coating increases.
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Figure 3.23: Coating Thickness in Microfluidic Channel
The coating protocol can be modified to use programmable infusion pumps. By
decreasing the flow rate of the coating solution, the thickness of the MPP 5cone
coating increases.
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For small molecule absorption measurements, samples were coated with flow rates
of 1 µL hr−1 for 24 hours. Fluorescent microscopy images were taken at 4x and
analyzed using ImageJ software to compare area under the curve (AUC) of intensity
profiles. Channels 10mm long, 100 µm wide, and 150 µm high were fabricated in
PDMS as testing platforms. After 3 hour infusion of 10µM Rhodamine B, MPP
5cone coated channels had AUCs 92±5% smaller than uncoated channels. Likewise
after infusion of 10µM of C1-BODIPY-C12 in media for 24 hours, MPP 5cone coated
channels had AUCs 78±2% smaller than in uncoated control samples, supporting the
evidence for MPP 5cones ability to reduce absorption. These data show that MPP
5cone can be used in microfluidic systems to reduce lipophilic molecule absorption.
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Figure 3.24: Fluorescent Images of Rhodamine B and C1-BODIPY-C12

Infused Microfluidic Channels
Rhodamine B and C1-BODIPY-C12 were infused into uncoated and MPP 5cone
coated channels. Images were taken for Rhodamine B and C1-BODIPY-C12 chan-
nels after 3 and 24 hours, respectively. The channels have been falsely colored
white for ease of reference. Scale bar is 100 µm.
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Figure 3.25: Normalized AUC of Rhodamine B and C1-BODIPY-C12

Infused Microfluidic Channels
Intensity profiles were averaged over the length of the channel and the area under
the curve (AUC) was calculated and normalized to the uncoated channel average.
Rhodamine B and C1-BODIPY-C12 AUC absorption was reduced 92±5% and
78±2%, respectively, after treatment with the MPP 5cone coating.

3.6.6 Coating Biocompatibility

The coating will be in contact with cells in a microfluidic system either directly, by
adhering to the surface of the coating, or indirectly, through some residual loss of the
coating into the media. Toxicity of the coating must be low in order to preserve the
biocompatibility of current PDMS-based MPS. To verify the biocompatibility of the
coating, several tests were designed to probe different ways the cells could be exposed
to the coating in 2D and 3D. First, in 2D we verified that the MPP 5cone coating did
not significantly impair hiPSC-CMs metabolism after 7 days of direct exposure or
function during 28 days of direct exposure (Figure3.26 and 3.28), respectively. Figure
3.27 shows representative images of CMs during the 28 day beat rate study. In both
of these assessments, there was no detectable difference in metabolism of Alamar Blue
or beat rate. Immunofluorescent staining of vinculin and α-actinin did not reveal any
toxicity on MPP 5cone coated surfaces (see Figure 3.29.
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Figure 3.26: 2D Alamar Blue Metabolism of glshiPSC-CMs after
MPP5cone
hiPSC-CMs were plated in 96 well plates coated with PDMS. MPP 5cone coated
wells did not show any significant change in alamar blue metabolism compared to
cells cultured in uncoated wells.
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Figure 3.27: Phase Contrast Images of hiPSC-CMs on MPP 5cone coating
Representative images taken during 28 day beat rate study.



CHAPTER 3. USING A MACROCYCLIC POLYPHENOL COATING TO
BLOCK ABSORPTION IN PDMS-BASED MICROFLUIDIC SYSTEMS 77

0 7 14 21 28
0

10

20

30

40

Days 

B
ea

t R
at

e

PDMS + MPP 5cone

PDMS

ns

Figure 3.28: 2D Beat Rate hiPSC-CM after MPP5cone
Beat rate was acquired by analyzing videos of hiPSC-CMs plated on PDMS coated
well plates. Over the course of 28 days, no significant difference occurred between
uncoated and MPP 5cone coated wells. N=6 was used for each condition.
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Figure 3.29: Vinculin and α-actinin Immunofluorescent Staining of CMs
on MPP 5cone coated PDMS
Vinculin staining revealed no qualitative difference between CMs on coated or
uncoated PDMS. The α-actinin staining showed well developed sarcomeres on
MPP 5cone surfaces.

Secondly, oxygen permeability is preserved, another major advantage of this coat-
ing over glassy coatings and necessary attribute for long term cell culture. Oxygen
permeability measurements are shown in Figure 3.30. The high oxygen permeability
of PDMS is preserved and showed no statistical difference between MPP 5cone coated
and native PDMS.
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Figure 3.30: Oxygen Permeability
Oxygen permeability is important for long term cell culture gas exchange. The
MPP 5cone on PDMS showed no reduction in oxygen permeability.

With a standard kill curve assay, we found the concentration of an inhibitor where
the response is reduced by half (IC50) for NIH3T3 fibroblast viability to be ∼0.4 mg
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Figure 3.31: Toxicity of Direct Exposure to MPP 5cone
NIH 3T3 mouse fibroblasts were exposed to MPP 5cone polymer fragments in
normal growth media at a range of concentration. The IC50 for NIH 3T3 fibrob-
last viability was estimated at 0.4 mg mL−1, far above exposure concentrations
expected either in 2D or 3D culture systems.

mL−1, far above concentration values expected due to residual coating loss (see Figure
3.31).

Finally, we loaded hMSC derived white adipose tissue (WAT) in an MPP 5cone
coated MPS reported by Loskill. (14 ) After 4 days of culture, there were no dead
cells in the MPS. Figure3.32 shows a side by side comparison of a MPP 5cone coated
WAT MPS and an uncoated MPS. It is important to show this result, since in an
MPS the surface area to volume ratio is considerably higher and may result in the
concentration being much higher.

From these experiments, the MPP 5cone demonstrates tolerable biocompatibility
with many different cell types in 2D and 3D systems.
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Figure 3.32: White Adipose Tissue Microphysiological System Toxicity
Assessment
hMSC WAT were seeded in a previously published MPS.(14 ) Cells seeded in an
MPP 5cone coated MPS (right) showed no additional toxicity compared to cells in
an uncoated device (left). Scale bar is 50 µm.

3.7 Conclusions & Future Directions

Our MPP 5cone coating shows promise as a method to reduce drug absorption for
PDMS-based microphysiological systems. It is able to block drug surrogates Rho-
damine B, C1-BODIPY-C12, Brilliant Green, Rhodamine 101, NAO, Metanil Yellow,
and Rhodamine 6G significantly determined by at least one of two fluorescent mi-
croscopy modeling methods. It should be noted that the MPP 5cone is limited in its
ability as a barrier coating compared to glassy-like coatings and results in selective
blocking of analytes. This drawback is compensated by MPP 5cones low cost, high
oxygen permeability, ease of use, and biocompatibility. Future studies should focus
on understanding which types of molecules can be blocked by the coating and the
mechanism which makes this blocking possible. Also, since the polymerization of
many polyphenols is mostly misunderstood, some investigation on this process would
also be insightful for optimization of the coating and its barrier abilities.
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Chapter 4

Future Work

4.1 Conclusions for Topographically Directed

Migration

Chapter 2 presents a method to direct cell migration on quartz. Laser-ablated
direct write nanotopgraphical features reduce the area available for cell adhesion and
focal adhesion maturation. Limiting focal adhesion size results in immature focal
adhesions that turnover quickly and result in cells have short residence times on
regions with nanopits spaced either 2 or 4 µm apart. When cells were seeded on
regions with spacing of 6 or 8 µm, the effect of reducing focal adhesion size was
diminished as well as cell repellent ability. On gradient patterns, cell migration also
indicated a threshold for cell repellency indicating a minimum area needed for mature
focal adhesion formation. Cells transfected with the functional head of intercellular
protein Talin+1 were able to overcome the area limit and create stable, long lasting
focal adhesions on all spacings of pits. This investigation indicates by purely altering
the area available for cells to attach, cells can be repelled from a material surface.

4.1.1 Topographical Patterning on Biologically Relevant
Materials

Chapter 2 presents a method to direct cell migration on quartz. Although the
phenomenon is consistent on patterned quartz, the surface cannot be used for more
than a tool to study mechanotranductive techniques for cell culture and is limited
in application. A more interesting material for cell culture studies are tissue culture
polystyrene (TCPS) and PDMS. These materials are used predominantly because
they are very inexpensive, about hundreds of times cheaper than quartz. The direct-
write method is not appropriate for these materials, however, because the material
melts and instead of a clean pit, the ablation results in a pit surrounded by a hill of
material around it, thereby increasing the roughness of the surface and confounding
the effect of surface roughness and reduced surface area. Supplemental experiments
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were done in laser ablated TCPS and showed that cells lost the ability to migrate in
a directed manner.

Fortunately, there are other ways to create nanotopographical features on sur-
faces. Some methods include nano-imprint lithography which uses a quartz mold
to increase the resolution of standard lithography techniques to nanoscael features.
Unfortunately this technique is expensive.

New methods for patterning submicron feature sizes in polymer surfaces is needed.
The feature sizes will need to be optimized individually since surface chemistry greatly
affects protein adsorption and presentation, which leads to differences in cell adhesion
and motility.

4.2 Conclusions and Future Directions of

Macrocylic polyphenol Coatings

In Chapter 2, a macrocyclic polyphenol is presented to reduce drug absorption
in PDMS. In this study, we use a novel macrocyclic polyphenol precursor to cre-
ate a barrier coating on PDMS. The barrier coating increases the hydrophilicity and
blocks fluorescent drug surrogates from being absorbed better than other polyphenols
tested. The coating does not block all drug surrogates, but presents a facile, inexpen-
sive method to reduce drug absorption over other strategies which makes it a viable
solution for some lipophilic compounds.

4.2.1 Elucidating Polyphenol Coating Kinetics

Polyphenol coatings are not fully understood currently. More research into the
fundamental kinetics of reaction, the products that are produced, and the driving
force for this reaction needs to be done to help understand how to control these
systems to produced desired coatings with particular properties. This was outside
the scope of this dissertation that was focused more on proof of concept, but this
understand could improve performance of these coatings as barriers.

4.2.2 Using Macrocyclic Polyphenol Coatings for PDMS
Functionalization

Other polyphenols have been used to functionalize surfaces such as polydopamine
and pyrogallol. These polyphenols are able to undergo a michael addition reac-
tion with primary thiols and amines on molecules such as thiolated PEG and other
aliphatic compounds. It may be possible to further functionalize these macrocylic
polyphenols under optimized conditions.

Very limited investigation was done here. We were also able to incorporate a
thiolated star PEG during coating. This can be investigated as a way to make the
coating less brittle while retaining its barrier characteristic.
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If functionalization of this polyphenol is possible, increasing its barrier perfor-
mance may also be possible. A brush like PEG functionalization after polymerization
of the polyphenol may further increase it’s barrier property to block a larger subset
of lipophilic small molecules.

4.2.3 Improving Cell Adhesion with MPP 5cone Coatings on
PDMS

The discovery of iPSC as cell sources for studies has opened doors in clinical
and research endeavors. In particular, hiPSC-CMs have recently shown potential in
platforms for drug testing to augment current in vitro and in vivo toxicity drug de-
velopment models and as sources for regenerative therapies for cardiac infarcts.(1, 2 )
Human iPSC sources for CMs overcome ethical concerns associated with differenti-
ating these cells from ESC and increases the quantity of cells that can be attained
without invasive and traumatic procedures. However, hiPSC-CMs demonstrate the
maturity of fetal CMs showing a rounded morphology, mono-nucleated phenotype,
ability to proliferate, similar electrophysiological signal, and similar gene expression
of contractile and cytoskeletal markers.(3 )

Many techniques have been used to accelerate or encourage the maturity of iPSC-
derived cardiomyocytes through integrin activation, geometric confinement in 2 and
3D, surface topography, and electric stimulation among others. (Mathur2015 , 1,
3 –6 ) Herrons study shows that Matrigel R©coatings on PDMS increase conduction
velocities by ∼ 2 fold, promote hypertrophic growth, and increase expression of key
sarcolemma and cardiac markers over other coating-substrate pairs. Herron hypoth-
esizes that the improvement in conduction velocity and other mature cardiomyocyte
markers is due to increased adhesion to the substrate, but in our experience even on
Matrigel R©coated PDMS, adhesion is much lower compared to other surfaces such
as Matrigel R©coated TCPS. To further investigate Herrons claim, experiments with
PDMS with an intermediate protein adhesion layer that improves ECM presentation
to further increase adhesion of cardiomyocytes (and other cell types) to PDMS needs
to be done. These experiments will elucidate if it is indeed cell-substrate adhesion or
possibly cell-cell adhesion that plays a role in improving iPSC-derived cardiomyocyte
maturation as seen by Herron. MPP 5cone in pilot studies has shown to improve
CM adhesion significantly, as an intermediate adhesion layer between PDMS and
Matrigel R©. It is important to note that adhesion improvement with MPP 5cone is
seen even without optimization of the coating.

Figure 4.1 is a collection of images taken over the course of 28 days from seeding of
iPSC-derived cardiomyocytes. Matrigel was used as an ECM coating for both condi-
tions. Even without fluoresecent staining, there is a marked difference in cell adhesion.
Figure 4.2 shows vinculin, dapi and α-actinin staining. Vinculin is a intercellular ad-
hesion protein and can be used to locate and quantify focal adhesion development as
mentioned in Chapter 1. α-actinin has a banded structure in microfilament protein in
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Figure 4.1: Phase Contrast Images of iPSC-derived Cardiomyocytes on
Coated and Uncoated PDMS
iPSC-derived cardiomyocytes were seeded on 2D PDMS surfaces and cultured for
28 days. PDMS surfaces provided limited opportunity for cell adhesion, while
cells are MPP 5cone surfaces were markedly better spread. We hypothesize that
this may be due to better presentation of ECM proteins, but more fundamental
investigation is needed.

Dapi
Vinculin α-Actinin

Dapi

PDMS PDMSPDMS+MPP 5cone PDMS+MPP 5cone

Figure 4.2: Immunofluorescent Staining of Vinculin and α-actinin in
iPSC-derived Cardiomyocytes on MPP 5cone and Uncoated PDMS 2D
Surfaces
Vinculin images show little difference between groups,but α-actinin organization
qualitatively appears brighter and more organized. We hypothesize this may be
due to the better presentation of ECM proteins, which leads to more mechan-
otransductive signaling which results in a better organized microfilament system.
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skeletal muscle cells such as cardiomyocytes. Between uncoated and coated groups,
there is no qualitative disruption between either vinculin or α-actinin staining sup-
porting the hypothesis that the coating is not negatively affecting the cardiomyocyte
phenotype. Conversely, we noticed that the α-actinin staining is much brighter and
more organized than on uncoated PDMS. More investigation into gene expression
should be done to confirm that the cells are actually producing more α-actinin. Also,
using cells that have fluorescently labeled α-actinin would provide more insight into
this observation and confirm that it is not an artifact of immunofluorescent stainting
and simply a loss of antibody on uncoated substrates.

If this coating and possibly other polyphenols can be used to improve hiPSC-
derived cardiomyocyte cytoskeletal organization and possibly maturity, it would help
supply a more reliable cell source for toxicity testing in many platforms and possibly
for tissue regeneration applications.
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