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Abstract

Engineering Substrate-Mediated Gene Delivery with Self-
Assembled Monolayers and Soft Lithography

Angela Kaye Pannier

Substrate-mediated delivery involves the immobilization of DNA, complexed with
nonviral vectors, to a biomaterial or surface that supports cell adhesion. Cells cultured on the
substrate are exposed to elevated DNA concentrations within the local microenvironment, which
enhances transfection. As surface properties are critical to this delivery approach, self-assembled
monolayers (SAMs) of alkanethiols on gold were used to investigate the effect of surface
chemistries on substrate-mediated delivery. Surface hydrophilicity and ionization affected
nonspecific complex immobilization and transfection, with SAMs presenting carboxylic acid
groups resulting in the greatest immobilization and transfection. Subsequent studies used SAMs
to investigate the effect of surfaces presenting oligo(ethylene glycol) (EG) groups on substrate-
mediated delivery. Nonspecific complex immobilization to SAMs containing combinations of
EG- and carboxylic acid- terminated alkanethiols resulted in substantially greater transfection
than surfaces containing no EG groups or EG groups combined with other functional groups.
Transfection enhancement could not be attributed to binding or release profiles. Atomic force
microscopy imaging of immobilized complexes revealed that EG groups within SAMs affected
complex size and appearance, indicating the ability of these surfaces to preserve complex
morphology upon binding. To control binding and release profiles, complexes were covalently

linked to SAMs presenting appropriate functional groups. Covalent tethering by multiple
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crosslinkers resulted in lower complex binding than corresponding conditions without the
crosslinker, and no transfection. The principles guiding complex immobilization and tethering
could be extended to biomaterial surfaces for tissue engineering applications.

Finally, soft lithography techniques were used to pattern complex deposition and
transfection, on SAMs and cell culture surfaces, for the formation of a transfected cell array, a
high-throughput technique to correlate gene expression with functional cell responses. We
developed an array that combines a two-plasmid system and dual bioluminescence imaging to
quantitatively normalize for variability in transfection and increase sensitivity. The array was
applied to quantify estrogen receptor o (ERa) activity in breast cancer cells. ER induction
mimicked results obtained through traditional assay methods. Furthermore, the array captured a
dose response to estrogen, demonstrating the sensitivity of bioluminescence quantification. Our
system should serve as a standard for fabrication of transfected cell arrays to report on signaling

pathways.
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Chapter 1

Introduction: Thesis Overview

1.1 Motivation and objective

Gene expression within a cell population can be directly altered through gene delivery
approaches, which have tremendous potential for therapeutic uses, such as gene therapy or tissue
engineering, or in research applications, such as functional genomics. However, inefficient gene
delivery is a critical factor limiting the development of these applications. DNA delivery to cells
can be limited by mass transport limitations or deactivation processes, such as degradation and
aggregation (1). Substrate-mediated delivery, also termed solid phase delivery, describes the
immobilization of DNA, complexed with nonviral vectors, to a biomaterial or substrate through
specific or nonspecific interactions. Cells cultured on the substrate are exposed to elevated DNA
concentrations within the local microenvironment, which enhances transfection (2-6).

For substrate-mediated gene delivery, the properties of the surface are critical to both
immobilization strategies and transfection efficiencies. However, the properties of the substrate
that mediate gene transfer remain poorly understood. Surfaces with controlled chemistries were
explored in this thesis as a means to study the effect of the surface properties on substrate-
mediated gene delivery and to use those findings to enhance and pattern delivery. Self-
assembled monolayers (SAMs) of alkanethiols on gold were used to provide a controlled surface
to investigate the mechanisms of transfection resulting from DNA complexes immobilized to a
substrate through non-specific and specific interactions, to elucidate surface design parameters

that maximize the delivery efficiency for applications including tissue engineering and
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transfected cell arrays. By examining surface properties necessary to maximize transfection, as
well as utilizing that knowledge to chemically pattern the surface, an array of DNA complexes
can result in an array of transfection. Patterning different genes into an array format, followed
by cell seeding, was used to create a transfected cell array that can report on the activity of signal

transduction pathways in cancer cells and correlate that output to cellular conditions.

1.2 Thesis outline

After this brief introductory chapter, Chapters 2 and 3 provide background material
relevant to the experimental work. Chapter 2 describes substrate-mediated gene delivery in
detail, beginning with descriptions of nonviral gene delivery, barriers to gene delivery, and then
exploring the evolution of substrate-mediated gene delivery. Chapter 2 concludes with a section
detailing the properties of self-assembled monolayers, used extensively throughout this thesis.
Chapter 3 details all applications of substrate-mediated gene delivery, including tissue
engineering and transfected cell arrays, and concludes with a section on using such arrays for
breast cancer profiling, in particular of the estrogen receptor, which will be of interest in Chapter
7. Chapters 4 through 7 describe the experimental work, and Chapter 8 describes the
conclusions of the research presented, as well as future directions of the work.

An overview of the experimental work presented in this thesis is provided in Figure 1-1.
Focus 1 describes the use of SAMs to study the effect of surface properties (ionization,
hydrophilicity, and presence of hydrophilic polymer, oligo(ethylene) glycol) on substrate-
mediated gene delivery by nonspecifically immobilized complexes (Chapters 4 and 6). Within

these studies, the composition of the surface was related to various properties of the complex,
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including binding densities, transfection efficiencies, release profiles, and complex morphology
on the surface. The results presented within these chapters could be applied to tissue engineering
scaffold design, as well as design of surfaces for in vitro gene delivery. Within focus 1, the
ability to wuse soft lithographic techniques to pattern SAMs and subsequently DNA
immobilization and transfection was also established (Chapter 4). Specifically, a strategy to
pattern deposition of DNA complexes in droplets formed on hydrophilic regions on SAM
substrates in a background of hydrophobic regions was developed, resulting in patterned
transfection. Patterned transfection has the potential to be used in multiple applications, from

tissue engineering to functional genomic screens in cell-based assays.
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Figure 1-1 Overview of substrate-mediated gene delivery foci addressed in this thesis.
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After the mechanisms of substrate-mediated transfection by nonspecifically bound
complexes on SAMs were established, the ability to specifically tether complexes to further
modulate release profiles was examined in Focus 2 (Chapter 5). DNA, complexed with a
cationic polymer, was covalently linked to SAMs presenting appropriate functional groups
through a fraction of the functional groups available on the polymer present in the complex. Six
coupling strategies were explored for the ability to tether active complexes, and subsequently
release complexes for substrate-mediated transfection. The results from this focus can be applied
to rationale design of tissue engineering scaffolds used for gene delivery.

The third and final focus of the thesis concerns the development of a transfected cell
array using soft lithography techniques, which can be assessed through bioluminescence imaging
for normalization of estrogen receptor activity in breast cancer cells (Chapter 7). The array
presented in this thesis represents significant improvements for transfected cell array technology,
including the use of two plasmids within each spot of the array, one of which provides a signal
for normalization, as well as luciferase imaging to sensitively measure both plasmids without
post-transfectional processing, in a biologically relevant system.

Collectively, the three foci of this thesis explore the mechanisms of substrate-mediated
gene delivery, from both nonspecifically and specifically immobilized complexes, using surfaces
with defined chemistries. Furthermore, the ability to pattern transfection, using microcontact
printing of SAMs or alternative soft lithographic techniques on polystyrene, was established and

translated to a functional array reporting on a transcription factor in a breast cancer model.
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Chapter 2

Substrate-Mediated Gene Delivery

2.1 Introduction

Gene transfer, the introduction of exogenous genes into cells, has many potential
applications in basic science (e.g., to study function and regulation of gene expression and
proteins), therapeutics (e.g., gene therapy to treat genetic diseases), tissue engineering (e.g., to
present factors in tissue regeneration matrices), and functional genomics (e.g., transfected cell
arrays). Both extracellular and intracellular barriers exist that prevent efficient gene transfer.
Methods such as complexing DNA with nonviral vectors, as well as delivery mechanisms such
as substrate-mediated gene delivery, have been developed to overcome both extracellular and
intracellular barriers. Substrate-mediated delivery, also termed solid phase delivery, describes
the immobilization of DNA to a biomaterial or substrate, which functions to support cell
adhesion. As the properties of both the vector and surface are critical to this delivery approach,
self-assembled monolayers were explored in this thesis as a means to investigate the effect of

surface properties and patterning on substrate-mediated gene delivery.

2.2 Nonviral gene delivery

While naked DNA provides transfection in vivo, complexing DNA with nonviral vectors
can facilitate uptake and transfection in vitro and in vivo (7-9). Typical nonviral gene delivery
systems involve the ionic complexation of negatively charged DNA with cationic polymers to

form complexes (Figure 2-1) termed polyplexes (10,11) or cationic lipids to form lipoplexes
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Figure 2-1 DNA complex formation. Negatively charged plasmid DNA electrostatically
associates with cationic polymers or lipids to form a condensed DNA complex.

(12). Cationic polymers and lipids protect DNA against degradation by nucleases and serum
components (13). Complexation of DNA enhances cellular uptake by reducing the effective size
of DNA, enhancing interactions between positively charged DNA complexes and the negatively
charged cellular membrane and altering cell permeability (9,13). Cationic polymers and lipids
can further promote internalization by designing them to target delivery to specific cell types
through receptor-ligand interactions (9). These complexation agents can also facilitate
intracellular trafficking, which includes endosomal escape, cytoplasmic transport, and nuclear
entry, while also dissociating from the DNA to allow expression (7,14). Nonviral vectors are
safer and easier to prepare than viral vectors and do not stimulate immune responses typical of
viral vectors, but have lower efficiency and shorter duration of gene expression.

Lipids were the first cationic species to be examined for gene delivery (15). Several
types of cationic lipids have since been used, including quaternary ammonium detergents,
cationic derivatives of cholesterol and diacylgylcerol, and lipid derivatives of polyamines (16).
Cationic lipids are composed of a cationic head group, linker, and hydrophobic moiety (12),

typically two alkyl chains (17). The cationic head group serves to condense the DNA and bind
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the complex to the cell surface. The linker can be used to introduce specific functional groups to
the lipid. The hydrophobic moiety provides self-association to form liposomes in the presence of
a helper lipid. The lipid chain length, degree of unsaturation, and asymmetry of dual
hydrocarbon chains, as well as the chemistry of the linker and cationic head group, affect
transfection properties, as can mixing conditions and cell lines (12). Most cationic lipid reagents
in use today are formulated as liposomes containing two lipid species, a cationic amphiphile and
a neutral phospholipid or helper lipid (18), to facilitate the release of plasmid DNA from the
endosome after endocytic uptake of the complex (16). Cationic lipids are available as a variety
of commercially available products, including Lipofectamine 2000, Lipofectamine LTX, and
Effectene, which is composed of both polymers and lipids, but all of which have formulations
which are propriety.

There are several cationic polymers which have been studied for gene delivery. Poly(L-
lysine) (PLL), polyethylenimine (PEI), polysaccharide-based polymers (cyclodextrins, chitosan),
dendrimers, poly-L-ornithine, poly(p-aminoesters), and polyphosphoesters have been used for
nonviral gene delivery, as well as derivatives of each, created by attaching specific moieties to
the polymer to mediate protein binding, cell targeting, biodegradability, and endosomal escape
(19,20). Cationic polymers are more effective at condensing DNA than lipids, and can be
synthesized in different lengths, with different geometries (17). The most widely used cationic
polymer, and the one employed in the studies presented in this thesis, is polyethylenimine (PEI).
PEI can be synthesized as either a linear or branched polymer, but generally branched is more
successful at mediating cellular transfection (10,11). Branched PEI contains primary, secondary

and tertiary amines, each with the potential to be protonated, making it an effective buffer over a
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wide pH range, especially in the endosomal compartment (10). PEI is hypothesized to act as a
proton sponge, which causes a large influx of water into the endosome, followed by rupture and
escape of the PEI/DNA complexes into the cytosol (10,11,21).

Other than the choice of cationic polymer or lipid, the properties of the resulting complex
formed between the polymer or lipid and DNA are dictated by several factors. The ratio at
which complexes are formed between polymers or lipids and DNA (N/P, referring to a ratio of
nitrogen groups found in the amine groups typically found on the cationic polymer or lipid to the
phosphate groups in the DNA backbone) determines the charge of the complex and its size, and
therefore typically its efficacy (17), as complex size is a critical parameter influencing
transfection. Large complexes typically result in greater transgene expression than small
complexes. However, the number of cells expressing the transgene is increased with small
complexes relative to large complexes (22). The complexing ratio will also determine its ability
to protect the DNA, but may also influence cytotoxicity. Complexes formed at high N/P ratios
are typically smaller and more positively charged, but may be more toxic, due to the presence of
excess free cationic polymer or lipid. The composition of solvents used to prepare the
complexes, as well as concentration of the DNA and polymer/lipid and the temperature can also
contribute to final complex properties (16) and must be carefully considered during complex

formation procedures.

2.3 Barriers to nonviral gene delivery

Even with complexation strategies as described above, both extracellular and intracellular

barriers exist that prevent efficient nonviral gene transfer. Extracellular barriers to gene delivery
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include mass transport limitations, cytotoxicity, degradation, and aggregation (1), as well as cell
targeting and uptake. The physical and chemical stability of DNA and its delivery vehicle in the
extracellular compartment is affected by the presence of nucleases that can lead to degradation,
and proteins, which upon binding to the DNA complexes can facilitate aggregation (20,23),
which can occur rapidly in solution and reduces the activity of DNA complexes (1). In vivo,
extracellular factors that limit delivery also include plasmid clearance or degradation, which can
be further mediated by sequence specific recognition from the immune system. Immune
responses to the plasmid are affected by the methylation pattern of CpG sequences, which in turn
can affect the duration of transgene expression (8).

Once a complex reaches a target cell, intracellular barriers to gene transfer include cell
binding, cell entry, release from the endosomal/lysosomal compartments (endosomolysis),
cytosolic transit, nuclear entry (23,24), and subsequently expression of the transgene (16) (Figure
2-2). Complex binding to the cell can occur through receptor binding (if the cationic polymer or
lipid contains a targeting ligand) or nonspecific binding, presumably mediated by the cationic
nature of the complexes and the anionic cell surface proteoglycans (16,17,23). Upon binding to
a cell, nearly all nonviral vectors enter the cell through an endocytic pathway, even vectors that
bind nonspecifically (17,23). Once internalized within an endosome, endosomal escape is
believed to be a major barrier to efficient gene transfer (23). Escape has been postulated to be
attributed to pore formation within the membrane, membrane fusion of the cationic lipids and the
endosomal membrane, a proton sponge process causing an influx of water and thus rupture, or
membrane disruption (17,23). Once outside of the endosome, the complexes must traffic

through the cytosol towards the nucleus, and this transit may be accomplished in vesicles along
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the cytoskeleton, or via DNA diffusion through the cytosol, which is affected by the size of the

DNA (23). Nuclear entry is mediated by specific factors that actively transport molecules into

the nucleus, and in absence of these moieties, is thought to be accomplished through nuclear

DNA Polplex or Lipoplex

N

&

Protein

Figure 2-2 Barriers to gene delivery. DNA complex trafficking must overcome barriers once
reaching the target cell: 1) cell binding, 2) cell entry/endocytosis, 3) endosomolysis, 4) cytosolic
transit and 5) nuclear entry.

breakdown in mitosis or through the nuclear pores (23). As the nuclear pores have a narrow
diameter (25 nm) they would not be expected to allow passage of plasmid DNA (17). However,
active transport may contribute to nuclear entry of DNA, as some promoters are thought to bind
to nuclear localization sequence (NLS)-containing cyotplasmic proteins such as transcription
factors (17,25), which could then shuttle the DNA into the nucleus.

While the above descriptions of barriers to gene delivery highlight the overall process of
gene transfer, the exact mechanisms involved in gene delivery are still poorly understood

because of the complexity of the process. The choice of cationic polymer or lipid and complex
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properties, including the size of the complex, may be a contributing factor in determining which
entry and intracellular pathway the complex travels (24). Modification to the DNA and the
cationic lipids or polymers, as well as the development of alternative delivery mechanisms like
substrate-mediated gene delivery described below, have been developed to overcome both the
extracellular and intracellular barriers to successful gene delivery (7,14), as well as to understand
the underlying gene transfer process. For example, many strategies to enhance cationic polymer
delivery and to reduce cytotoxicity involve the modification of the cationic polymer with ligands
that target endocytosis (26), polymers that prevent protein interactions (27), and peptides or

surfactants that can facilitate escape from the endosome (28,29).

2.4 Substrate-mediated gene delivery

The adaptation of controlled release technologies to the delivery of nonviral vectors has
the potential to overcome extracellular barriers that limit gene therapy, including aggregation of
complexes, degradation of complexes, and in particular mass transport limitations that result in
low concentration of DNA at the cell surface. Increasing DNA concentrations in the cellular
microenvironment has been shown to improve gene delivery (30,31). In substrate-mediated
delivery, plasmid DNA or DNA complexes are immobilized to a surface or biomaterial that
supports cell adhesion, placing the DNA directly in the cellular microenvironment and increasing
its local concentration (Figure 2-3). Furthermore, immobilization of DNA complexes to a
substrate has the ability to preserve size observed in solution and inhibits complex aggregation,

which can reduce activity (1).
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= DNA complexes

Traditional bolus delivery Substrate- mediated delivery

Figure 2-3 Bolus versus substrate-mediated gene delivery. For traditional bolus delivery, cells
are plated prior to delivery and complexes must diffuse from bulk media to the cell surface. For
surface delivery, complexes are immobilized to the surface and cells are plated after complexes
are present, presenting a high local concentration of DNA which can enhance delivery and
pattern transfection.

The immobilization of DNA to the substrate may seem counterintuitive given the need
for cellular internalization to achieve expression; however, natural and synthetic corollaries exist
for growth factors and viral vectors. Growth factors associate with the extracellular matrix,
functioning directly from the matrix or upon release (32-34). Additionally, many viral vectors
associate with the extracellular matrix as a means to facilitate cellular binding and internalization
(35,36). In substrate-mediated delivery, DNA is concentrated at the delivery site and targeted to
cells adhered to the substrate (2,5,6,37). Cells cultured on the substrate can internalize the DNA
either directly from the surface, or by degrading the linkage between the vector and the material,

which may be accomplished through specific or nonspecific mechanisms.
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2.4.1 DNA immobilization through specific interactions

DNA complexes can be immobilized on the substrate through specific interactions
introduced through complementary functional groups on the vector and surface, such as antigen-
antibody or biotin-avidin, to control vector binding to the substrate (5,37). The effective affinity
of vector for substrate is determined by the strength of the specific interactions, which may also
be influenced by environmental conditions (e.g., ionic strength, pH), binding-induced
conformational changes, or vector unpacking. In the first studies on specific attachment of
nonviral vectors, two cationic polymers, PLL and PEI, were modified with biotin residues for
subsequent complexation with DNA and binding to a neutravidin substrate (5,6). Complexes
were formed with mixtures of biotinylated and non-biotinylated cationic polymer at a constant
N/P ratio. Release studies demonstrated only 25% of immobilized DNA complexes were
released over an 8-day period, with approximately 15% released within the first 24 hours. For
complexes formed with PLL, the number of biotin groups and their distribution among the
cationic polymer were critical determinants of both binding and transfection. The number of
biotin groups in the complex was manipulated through the fraction of biotinylated PLL used for
complex formation and the number of biotin residues per PLL. Increasing the number of biotin
groups per complex led to increased binding (5). However, in vitro transfection was maximal
when complexes contained biotin residues attached to a small fraction of the cationic polymers
(6). At this condition, less than 100 ng of immobilized DNA mediated transfection, which was
increased 100 fold relative to bolus delivery of similar complexes (5). Additionally, transfection
was observed only in the location to which complexes were bound, suggesting the possibility of

spatially regulating DNA delivery. For complexes formed with PEI, substantial transfection was
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observed in vitro, but was independent of the number of biotin groups present on the complex,
suggesting that complex immobilization occurred through nonspecific interactions (6).

A specific interaction between cyclodextrin and adamantine was utilized to immobilize
complexes of cyclodextrin-PEI with DNA on adamantine-functionalized surfaces by inclusion
complex formation (38). However, transfection of these complexes was not investigated (38).
Complexes have also been specifically immobilized to biomaterials for tissue engineering. DNA
complexes were immobilized using the biotin-avidin strategy to hyaluronic acid-collagen
hydrogels, and resulted in spatially controlled gene transfer by topographical patterning (22).
Disulfide crosslinked peptide-DNA complexes were covalently immobilized into fibrin matrices
by factor XIII activity and led to increased transfection efficiencies in 2D and comparable levels

in 3D, when compared to transfection by PLL complexes (39).

2.4.2 DNA immobilization through nonspecific interactions

DNA complexed with cationic polymers or lipids can also interact with substrates
through non-specific, noncovalent mechanisms, including hydrophobic, electrostatic, and van der
Waals interactions. These interactions have been well-characterized for adsorption and release
of proteins from polymeric systems (40,41). Nonspecific binding depends upon the molecular
composition of the vector (e.g., lipid versus polymer) and the relative quantity of each (e.g.,
N/P), as well as surface properties. Polyplexes and lipoplexes non-specifically immobilized to
serum-coated substrates have been shown to enhance the extent of transgene expression in both
cell lines and primary human-derived cells, along with an increased cellular viability (2). This

enhancement was dependent on both the properties of the complex (e.g., complexation agent,



34

N/P ratio), and substrate treatment (e.g. serum-coating vs. none). The properties of the surfaces
and vectors were further shown to be critical determinants of cellular association of immobilized
DNA (3). Serum coating of the substrate did not affect the quantity immobilized, but increased
the amount of DNA released from the substrate and the number of cells internalizing plasmid,
which paralleled an enhanced number of cells expressing transgene. Polyplexes delivered from
coated substrates associated nearly 3-fold more readily with cells, but had decreased efficacy
relative to bolus delivered polyplexes. The quantity of cell-associated DNA using lipoplexes
was less for substrate-mediated delivery, yet still provided similar levels of transgene expression
(3). Further studies were performed to identify the specific components within the serum, which
could be contributing to the enhancement of substrate-mediated transfection by complexes
nonspecifically immobilized on coated surfaces. Fibronectin coating, at intermediate densities,
was determined to mediate the highest levels of transgene expression, potentially by targeting
internalization through caveolae-mediated endocytosis (4).

DNA has also been nonspecifically immobilized to substrates through polyelectrolyte
films that promote localized delivery to cells, though cells were not able to adhere to the films
(42). The films consisted of alternating layers of a hydrolytically degradable synthetic
polycation and DNA, which upon incubation with cells, undergo significant rearrangement to
present condensed plasmid DNA particles to cells placed in contact with the film (42). This
layer-by layer approach has also been used for delivery of lipoplexes from gold surfaces for
stent-assisted gene transfer (43).

Furthermore, DNA has been co-precipitated with inorganic minerals (calcium phosphate)

onto cell culture surfaces, which supported cell adhesion and enhanced transfection (44), but
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required more DNA than typically required for bolus delivery. PEI-DNA complexes have also

been freeze-dried onto polystyrene wells and resulted in enhanced cell monolayer formation and
transfection upon seeding of a retinoblastoma cell line that is notoriously difficult to transfect
(45).

Nonspecific binding of DNA complexes has been extended to mediate delivery from
biomaterials for tissue engineering applications. Poly(lactide-co-glycolide) (PLGA) and
collagen membranes were coated with phosphatidyl glycerol (1-5%) to support binding of
complexes formed with polyamidoamine (PAMAM) dendrimers (46). Vectors were slowly
released from this scaffold, yielding transfection in vitro comparable to bolus transfection
controls. In vivo studies demonstrated a six to eight-fold enhancement in transfection relative to
plasmid DNA delivery. Plasmid DNA has also been incorporated into inorganic calcium
phosphate co-precipitates adsorbed onto PLGA matrices, which are mostly released by 48 hours
and resulted in transfection in cells seeded on the scaffold (47). PEI-DNA complexes
nonspecifically adsorbed to PLGA scaffolds resulted in robust substrate-mediated gene delivery,
with orders of magnitude less DNA than required for similar transfection levels with bolus
delivery (48). PEI-DNA complexes have been seeded on collagen films through deposition and
it was determined that varying the thickness of the films, the volume of the deposition solution,
the pH of that solution, and the crosslinking densities, varied the levels of transfection efficiency
(49).

An alternative strategy to nonspecifically immobilize DNA to substrates or biomaterials
is to attach cationic groups to the material to promote naked DNA binding, rather than adsorption

of entire complexes. Collagen was cationized through modification with amino groups or
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polylysine (50) and degradation of the collagen led to release of the bound DNA. Alternatively,

PEI or PLL was bound or blended with PLGA or collagen (51,52), resulting in DNA binding and
cellular transfection in vitro. Similarly, plasmid DNA adsorbed onto PLG microparticles coated
with the cationic surfactant, cetyltrimethylammonium bromide, was able to transfect dendritic
cells in vitro (53). However, plasmid DNA binding to a cationic material may exhibit limited
cellular internalization due to strong interactions between the DNA and the material and

therefore immobilization of whole complexes to surfaces appears to be a more effective strategy.

2.4.3 Substrate-mediated delivery with viral vectors

While the studies presented in this thesis focus on using nonviral delivery strategies,
substrate-mediated delivery of viral vectors has been achieved through both specific and non-
specific binding of the virus to the surface. Polystyrene beads and microspheres bind adenovirus
vectors non-specifically, which increased transduction efficiency relative to free vector delivery
and targeted gene expression in cells in contact with the spheres in vitro and in vivo (54,55).
Specific interactions of viral particles with the surface of biomaterials have been incorporated
through modification of the biomaterial or virus with functional groups, such as antibodies or
biotin residues. Collagen gels modified with antibodies to immobilize vectors localized
transduction in vivo relative to control conditions (37,56,57). Alternatively, adenovirus vectors
have been chemically modified with biotin groups that are then bound to avidin-conjugated
microspheres (58). This approach transduced cells immediately adjacent to the beads in vitro,
and enhanced transgene expression for cells that are not readily transduced with adenovirus (58).

Adenoviral vectors were also attached to solid surfaces through the biotin-avidin interaction, and
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resulted in transduction efficiencies similar to those reported for bolus delivery (59). Recently,
viruses have been engineered with functional groups in the viral shell, which would enable
binding without chemical modification that can inactivate the virus (60-62).

For substrate-mediated gene delivery of either viral or nonviral vectors, the properties of
the surface are critical to both immobilization strategies and transfection efficiencies. However,
the properties of the substrate that mediate gene transfer remain poorly understood. Surfaces
with controlled chemistries were explored in this thesis as a means to study the effect of the
surface properties on substrate-mediated gene delivery and to use those findings to enhance and

pattern delivery.

2.5 Self-assembled monolayers for substrate-mediated gene delivery

Delivery of DNA complexes from a substrate is dependent on the interactions between
the surface and the complexes. Self-assembled monolayers (SAMs) can be used to study these
interactions, as their flexibility in surface chemistry allows preparation of substrates with varying
degrees of surface charge and wettability, which are hypothesized to play significant roles in
substrate-mediated transfection of nonspecifically immobilized complexes. A SAM is a single
layer of molecules on a substrate, which exhibit a high degree of orientation, molecular order,
and packing. SAMs form by chemisorption and self-organization of functionalized, long-chain
organic molecules onto surfaces of appropriate substrates. The well-defined monolayer forms by
noncovalent forces upon exposure of the substrate to a solution or vapor containing the
molecules (63). The final monolayer structure is near thermodynamic equilibrium and therefore

forms spontaneously and rejects defects (63). SAMs have a dense and stable structure, which
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makes them useful for studies of physical chemistry (63). The ability to tailor both the head and

tail groups of the functionalized, long-chain organic molecules makes SAMs excellent model
systems for the elucidation of interactions on surfaces and at interfaces (63). They are
biocompatible and have been used in numerous cell adhesion and protein adsorption studies
(64,65).

There are many different choices of chemistries to form SAMs of organic molecules.
Monolayers of fatty acids (n-alkanoic acids) on metal oxides occur through an acid-base
reaction, forming a surface salt between the carboxylate anion (of the fatty acid) and a surface
metal cation (63). Monolayers of organosilicon derivatives (alkychlorosilanes,
alkyalkoxysilanes, alkylaminosilanes) on hydroxylated surfaces occur by forming polysiloxane
at the surface, connected to surface silanol groups (-SiOH) via Si-O-Si bonds (63). Monolayers
of organosulfur adsorbates on metal and semiconductor surfaces rely on the affinity of sulfur
compounds to transition metal surfaces and the possibility to form multiple bonds with surface
metal clusters (63).

The best characterized organosulfur adsorbates used in SAMs are alkanethiolates on Au
surfaces [reviewed in (63)]. Alkanethiols chemisorb to gold, with the loss of dihydrogen to form
adsorbed alkanethiolates (66). The nature of the gold bond is not completely understood, though
the generally assumed equation is R-SH + Au(0), — RS-Au(I)Au(0),.1 + 2 Ha7 (67). When
gold substrates are immersed in ethanolic solutions of low alkanethiol concentration (Figure 2-
4), two distinct adsorption kinetics are observed. The first step involves the adsorption of
alkanethiol to gold, which occurs in a matter of seconds or minutes. Within this time, contact

angles are close to limiting values and the thickness is 80-90% of maximum. This step is
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Gold surface

Immersion of gold
into solution of organic
molecules (alkanethiol s)

Adsorption of molecules
onto surface

Chemical bonding to surface
and formation of crystalline
structure

Figure 2-4 Formation of SAM of alkanethiols chemisorbed to Au substrate. Gold surface is
immersed into an ethanolic solution containing organic molecules, which contain a head group
(thiol) capable of chemisorbing to the surface, an alkyl chain, and a terminal functional (tail)
group that confers properties to the surface. Organic molecules adsorb to the surface quickly,
and then bond to the surface and form characteristic crystalline structure.

dependent on the concentration of alkanethiols. The second step involves surface crystallization

and is relatively slow, lasting several hours. At the end of this step, the SAM thickness and

contact angles reach their final values (63).

Alkanethiols with different terminal functional groups can be used to generate SAMs

with different surface properties (Figure 2-5). The three alkanethiols most commonly used
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throughout the studies presented in this thesis include 1-decanethiol (DT10), mercapto-1-
undecanol (MUOH), and 11-mercaptoundecanoic acid (MUA). Surfaces with SAMs of DT10
are hydrophobic (contact angles greater than 100°), surfaces with SAMs of MUOH are
uncharged and hydrophilic (contact angle <20°), and surfaces with SAMs of MUA are charged
and hydrophilic (contact angle <10°). The formation of the MUA monolayer is very rapid,
within 10-30 minutes, but formation of DT10 monolayers may take 6-12 hours to form.
Mixtures of two alkanethiols can be used to generate more complicated surface chemistries, and
typically do not result in phase-separated islands (68). SAMs of alkanethiols on gold can be
used in cell culture for periods of days (67) and have been used in many cell culture studies,
particularly to understand molecular surface determinants required for adhesion dependent cell

growth and proliferation (69-71).

HYDROPHILIC, UNCHARGED
11-Mercapto-1-undecanol

(MUOH)
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1-Decanethiof 11-Mercaptoundecanoic
(DT10) &S acid (MUA)
HSCH,(CH,)sCH; ) HSCH,(CH,)sCH,COOH
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Figure 2-5 Commonly used alkanethiols for SAM formation.
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2.5.1 Microcontact printing

Microcontact printing (LWCP), a soft lithographic technique, can be used to imprint gold
substrates with specific patterns of SAMs using an elastomeric stamp (65,72,73), reviewed in
(74). The flexibility in surface chemistry of SAMs permits preparation of patterned surfaces
with varying degrees of surface charge, wettability, and resistance to protein adsorption.
Typically a polydimethylsiloxane (PDMS) stamp is used to pattern the adsorption of alkanethiols
in SAMs on gold. The PDMS stamp can be polymerized against a large feature mold or a mold
prepared using standard lithographic techniques, depending on required feature size. Stamps are
loaded with alkanethiols through ink pads, cotton-tips swabs, or immersion of the stamp in the
desired alkanethiol. The stamp is then brought into contact with the gold, resulting in patterned
adsorption of the first alkanethiol. The remaining bare regions of gold are then derivatized with
a second alkanethiol, which adsorbs to the non-stamped regions (Figure 2-6).

SAM surfaces patterned in regular arrays of hydrophilic regions amongst a background of
hydrophobic regions can result in the formation of condensation figures (CFs) (Figure 2-6),
water droplets formed from regions with different wettabilities (75,76). CF formation is both
temperature and humidity dependent (75). The formation of these CFs, created by simply
pipeting water onto the stamped surface, was traditionally used as a method to detect
contamination on a homogeneous surface, to image surfaces, or as microreactors. These
hydrophilic/hydrophobic arrays have since been used to anchor droplets, concentrating a sample
during evaporation, to prepare protein samples for MALDI-MS (77), for pinning of aqueous
solutions of DNA at specific array locations for microarray fabrication (78,79), and for DNA

deposition by CFs on the hydrophilic regions (80), for subsequent chemical attachment of the
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DNA to the surface. In the work presented in this thesis, these CFs were utilized to confine
droplets containing DNA complexes to certain regions of a surface, resulting in patterned DNA

deposition or immobilization on a surface.

PDMS
i - -
¢ Exposure of stamp to hydrophilic
| Py 1 thiols (2mM 50% MUA)
— :/
i PDMS
. SHEE S
¢ Stamping onto clean, evaporated
gold substrate
= = = = =
Au
‘ Immersion of stamped surface into 2 mM

DT10, followed by washing in ethanol

Repeated deposition of DNA
complexes onto hydrophilic regions

Figure 2-6 Microcontact printing of SAMs to create regions of hydrophilic spots in a
background of hydrophobic alkanethiols, which support formation of condensation figures upon
addition of aqueous solution containing DNA complexes.
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Chapter 3

Applications of Substrate-Mediated Gene Delivery

3.1 Introduction

Controlled release systems typically employ biomaterials that deliver vectors according
to two general mechanisms: 1) polymeric release in which the DNA is released from the polymer
or ii) substrate-mediated in which DNA is retained at the surface (81). In comparison to
traditional gene delivery systems, controlled release can enhance gene delivery to cells within or
adjacent to the biomaterial and increase the extent and duration of transgene expression, while
reducing the need for multiple interventions. Additionally, localized vector delivery to specific
tissues can avoid distribution to distant tissues, decrease toxicity to non-target cells, and reduce
the immune response. These controlled release-based gene delivery systems capitalize on both
specific and non-specific interactions between the biomaterial and vector, to achieve either
release into the extracellular space or immobilization at the surface. While the potential to use
these polymeric systems has been established, the design parameters by which to optimize or
control gene transfer are not well understood. Vector and biomaterial development, combined
with studies that correlate system properties with the quantity and duration of protein production,
and the number and location of cells expressing the transgene will lead to molecular scale design
of delivery systems. The development of these systems may increase the efficacy within current
gene therapy trials, but may more importantly extend the applicability of gene delivery to other

areas such as tissue engineering and functional genomics.
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3.2 Tissue engineering

While there have been a multitude of polymeric release systems designed to incorporate
DNA or DNA complexes within polymeric tissue engineering scaffolds (reviewed in (81)); the
potential for substrate-mediated gene delivery to be extended to tissue engineering applications is
just beginning to be explored. In these tissue engineering applications, the scaffold provides the
structural support for cell adhesion and gene delivery from the surface of the scaffold provides a
method to stimulate cellular pathways in tissue regeneration (82). Implantable biomaterials with
immobilized DNA or DNA complexes could promote localized gene delivery, by maintaining
elevated DNA concentrations in the cellular microenvironment, which improves gene delivery
(30). Additionally, viral and non-viral vectors may have a relatively short half-life (83-85), and
release systems, such as substrate-mediated gene delivery, could prevent their degradation
and/or provide a sustained release.

As described in the previous chapter, substrate-mediated gene delivery has been adapted
to tissue engineering scaffolds, including hyaluronic acid-collagen hydrogels (22), PLGA
scaffolds (46-48) and collagen films (49). While these studies demonstrate the potential for
using substrate-mediated gene delivery in tissue engineering applications, no specific in vivo
application or tissue formation was reported in any of the studies. Application of fibrin matrices,
loaded with covalently attached DNA-peptide complexes encoding for hypoxia-inducible factor-
la, to a dermal wound site resulted in increased angiogenesis (86), but these complexes, which
were released upon degradation of the fibrin matrix, may be considered to be delivered via a

polymeric release approach.
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Most tissue engineering applications of substrate-mediated gene delivery involve
localized gene transfer to the cardiovascular system (87). The potential to treat heart valve
disease was explored using polyurethane prosthetic heart valve leaflets with immobilized
adenoviral vectors tethered specifically through antibody attachment strategies (88). In vivo
reporter gene expression was localized to cells attached to the leaflets with no detectable vector
DNA in blood or distal organs. Viruses have also been tethered to endovascular microcoils (56)
used in procedures to treat cerebral aneurysms and in vivo reporter gene expression was
localized to cells adjacent to the implant, without evidence of DNA delivery to distal sites.
Intravascular stents with immobilized plasmid DNA (43,89-91) or adenoviral vectors (37,57,92)
were studied for their ability to locally deliver genes to the arterial wall for the treatment of
coronary artenery disease to relieve atherosclerotic obstruction, in particular to prevent in-stent
restenosis. While several studies demonstrated that cells adjacent to the stent expressed a
reporter gene in vivo (37,57,90-92), stent-based delivery of a therapeutically relevant gene has
yet to be realized.

The challenge of tissue engineering lies in creating an environment that provides the
appropriate combination of signals to induce proper cell function and restore normal tissue
function. The scaffold serves as a support for cell growth and localized DNA delivery can
provide the signals to direct progenitor cell differentiation. Adapting the delivery strategies to
control transgene expression spatially (um to mm) or temporally (days to months) may recreate
the environmental complexity present during tissue formation (93). The ability to regulate
expression of one or more factors in time and space may be critical to the engineering of

complex tissue architectures, such as those found in vascular networks and the nervous system.
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Although several fundamental requirements for the scaffold structure have been identified (94),

the design principles underlying gene delivery in tissue regeneration remain to be identified.

3.3 Transfected cell arrays

Perhaps the most reported application of substrate-mediated gene delivery is the ability to
use the delivery technique in functional genomics studies, in particular the transfected cell array.
Transfected cell arrays represent a high throughput approach to correlate gene expression with
functional cell responses, based on gene delivery from a surface (95). While traditional cDNA
microarrays can quantitatively compare the expression level of thousands of genes under
controlled conditions, understanding the cellular responses of human disease requires more than
just knowledge of gene expression profiles; one must understand the cellular and physiological
context in which the gene expression is acting (96). Transfected cell arrays present a powerful
approach to study gene function in the context of a living cell, allowing proteins to be translated
and folded naturally and interact within the environment of the cell. Transfected cell arrays offer
compact, economical, and high-throughput analysis in living cells that provides greater
consistency across assays and facilitates comparisons between conditions, while reducing the
amount of reagents and cell numbers required, which is an important factor for difficult to
prepare cell types (97,98). Methods to use mammalian cells as suitable screening systems, like
transfected cell arrays, need to be developed to elucidate gene function and cellular pathways
responsible for diseases (99). A transfected cell array could provide a method to link gene

expression to functional cell responses and to detect genes that are truly responsible for a cellular
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effect, with the potential to impact nearly all aspects of medicine, such as determining molecular
markers or targets, prior to the costly development of novel diagnostic and therapeutic strategies.

The first transfected cell array was published by Sabatini’s group in 2001 (95). The
reverse transfection cell-based microarray was created by printing mixtures of different DNA
plasmids and gelatin into specific domains onto a substrate. A lipid-based transfection agent was
then floated over the surface of the array, and HEK293T cells were seeded onto the array,
forming a living cell microarray of locally transfected cells in a lawn of nontransfected cells.
The array was used to analyze gene functions for phosphotyrosine activity and six genes were
identified to be associated with this activity; five genes encoded known tyrosine kinase proteins
and one encoded a protein of unknown function (95).

Since the original paper, the transfected cell array has been adapted to a variety of
applications, to study signaling pathways (100), screen antibody fragments (101), identify
possible new lysophosphatidic acid receptors (102), perform protein localization studies
(103,104), screen for proapoptotic genes (105,106), and annotate protein function (107). The
transfected cell array has also been adapted to high-throughput RNAI studies (108), specifically
for analysis of spindle formation (109), secretory pathways (110), and chromosome segregation
and nuclear structure in a time-lapse system (111).

Transfected cell microarray studies that offer technological improvements on the basic
reverse transfection principle have been published. Efforts to improve transfected cell arrays
have included incorporating fibronectin (112), atelocollagen (113), and recombinant proteins
(114) with plasmid DNA or DNA complexes to mediate high transfection in the array. Studies

have also investigated the effect of surface properties of the slide, including substrate
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hydrophobicity on transfection efficiency in array (115), as well as the effect of coating cationic
polymer and collagen onto surfaces prior to transfection (116). Micropatterning strategies have
been used to create arrays of transfection using self-assembled monolayers to pattern DNA
(117,118) or siRNA (119) complex immobilization on gold slides, as well as electrodes to
deliver plasmids through electroporation (120,121). Micropatterning has been extended to
hydrogels (122) for array fabrication. Arrays have also been formed with dendrimers (123),
magnetic beads (124) and viral vectors (59,125,126), for Drosophila cells (127) and nonadherent
cells (128).

While there have been technical advances in transfected cell arrays, further development
of a well-characterized, substrate-mediated approach for transfected cell arrays requires the
development of a cost-effective delivery system that efficiently transfects a wide variety of
primary cells and cell lines, while allowing for spatially-controlled DNA within the different
domains (95,129,130).  Furthermore, improvements are needed to this technology to
accommodate issues with transfection efficiency, normalization, post-transfection processing,
sensitivity, image acquisition and quantification, as well as expanding the biological endpoints
examined, in particular to elucidate gene function and cellular pathways responsible for diseases

(96-98).

3.3.1 Transfected cell arrays to monitor estrogen receptor in breast cancer

Oncogenic state is a complex process and development involves the accumulation of
multiple independent mutations that lead to deregulation of cell signaling pathways central to the

control of cell growth and fate (131,132). The activity of various pathways within cancer cells
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could be used to link molecular observations with the cellular basis of disease. A transfected cell
array could be used to report on the activity of multiple signal transduction pathways and be used
as a screen to identify which signal pathways are active within cancer cells. Using cancer cells
from a biopsy, the transfected cell array could thus identify patient-specific expression patterns
to tailor therapies for more effective treatment regimes.

The American Cancer Society estimates that in 2006, 214,640 American women will
have been diagnosed with breast cancer, and an estimated 41,430 women will have died from the
disease (133), second only to lung cancer. In the next 10 years, 5 million women worldwide are
expected to be affected by breast cancer (133), and thus further advancements in early diagnosis
and treatment are needed. While therapeutic targets are now being identified for both cancer
prevention and treatment, individualization of treatment regimens to maximize response, to
minimize morbidity and mortality, and to prevent the occurrence of a second breast cancer, has
become the new therapeutic goal.

Estrogen is a known mammary epithelial cell carcinogen (134). Estrogenic control over
several G1 cell-cycle regulators and growth factors has been demonstrated both in vivo and in
vitro (135,136). Estrogenic promotion of cellular proliferation in particular, is believed to put
responsive ductal cells at risk for carcinogenesis by facilitating or even inducing the acquisition
of genetic changes during cell cycle progression (135,137). The specific action of estrogen is
mediated by the estrogen receptors (ER) o and B (138). These steroid hormone receptors are
members of the nuclear receptor superfamily of transcription factors and regulate transcription of
target genes in an estrogen-dependent manner, through binding of the ligand, estradiol (E,)

(138,139). The ligand E,, a hydrophobic molecule, readily diffuses across the plasma and
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nuclear membranes and once inside the nucleus, binds to the ligand binding domain of the ER,
which undergoes a crucial conformational change. The receptor then homodimerizes with
another ER and they then interact with the estrogen response element (ERE) in promoters of
estrogen-responsive genes (139).  Through regulation of transcription, ERs modulate
physiological processes, including reproductive organ development and function, bone density,
and also contribute to the growth and development of breast and endometrial cancers (138).

The two estrogen receptors (o and [3) are encoded by separate genes and are distinct.
While they share 53% sequence identity in their ligand binding domains, the two receptors
exhibit subtle differences in ligand binding specificity (138) and targets. In women, ERa is
expressed in the brain, cardiovascular system, uterus, bone, breast and liver (138,139). ERa is
the predominant ER expressed in breast cancer, while the function of ERP and its role in breast
cancer remains unclear (139). Estrogens, via ERa, act as potent mitogens of ER-positive breast
cancer (140) and ERa expression is one of the most important biomarkers for determining
treatment course for clinical breast cancer (138). ERa expression was originally used to
determine clinical outcome of tumor therapy (141), and can now be used to select patients with
ERa-positive breast tumors, which increases their chance of responding to endocrine therapy
(139). The presence of ERa is not only an important predictive test for success of any endocrine
treatment of breast cancer, but the functional significance of ERa in breast cancer has made it a
predominate target of therapies aimed at the prevention and treatment of this disease

(138,139,141).  Selective estrogen receptor modulators, like tamoxifen, are competitive
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inhibitors of E, at the ERa (138), and have been shown to be effective therapies, preventing the
interaction of estrogen with ERa and therefore decreasing proliferation of target cells.

While microarrays have enabled high throughput gene expression profiling of breast
cancer cells and tumors (142,143) to classify breast tumors into molecular subtypes, traditional
cDNA and tissue microarrays use cell lysates or fixed tissue to provide a snapshot of the
intracellular composition (i.e. mRNA or protein content). However, linking these expression
profiles to functional endpoints is limited by the complexity and interconnectedness of the
intracellular signaling network. = We hypothesize that the interface between genotypic
abnormalities and the phenotype lies not in the mRNA or protein content, but in the activity of
the signal transduction pathways and gene regulation. Simple expression of transcription factors
like ERo does not necessarily reflect pathway activation, as transcription factor activity is
regulated through diverse mechanisms (144), including heteromeric complexes, ubiquitination,
methylation, acetylation, and phosphorylation. Transfected cell arrays represent an approach to
enable the high throughput analysis of cellular activity within a cellular context to investigate the
genotype-phenotype interface. Through this novel technology, molecular observations could be

linked to the cellular basis of disease, which may lead to more effective and tailored therapies.
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Chapter 4

Substrate-Mediated Delivery from Self-Assembled Monolayers:
Effect of Surface Ionization, Hydrophilicity, and Patterning

4.1 Introduction

Gene transfer has many potential applications in basic and applied sciences, including
functional genomics, gene therapy, and tissue engineering. Although plasmid DNA provides
transfection in vivo, complexing DNA with nonviral vectors, cationic lipids or polymers, can
facilitate internalization and transfection in vitro and in vivo (7-9). Controlled delivery systems,
including polymeric release in which the DNA is released from the polymer, or substrate-
mediated delivery, in which DNA is retained at the surface, have the potential to overcome
extracellular barriers that limit gene transfer, as well as enhance gene delivery relative to more
traditional delivery methods (81). In substrate-mediated delivery, also termed reverse
transfection or solid-phase delivery, plasmid DNA or DNA complexes are immobilized to a
surface or biomaterial that supports cell adhesion. Placing the DNA directly in the cellular
microenvironment increases its local concentration, which has been shown to enhance gene
delivery (30). Cells cultured on the substrate can internalize the DNA either directly from the
surface, or after release of the DNA from the surface.

DNA complexes can be immobilized on the substrate through specific or nonspecific
interactions for delivery from the surface. Specific interactions can be introduced through

complementary functional groups on the vector and surface, such as antigen-antibody or biotin-
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avidin (5,37). Poly(L-lysine) (PLL) and polyethylenimine (PEI), modified with biotin residues,

were complexed with DNA and bound to a neutravidin substrate (5,6), resulting in 100-fold
increased transgene expression from the immobilized complexes relative to bolus delivery of
complexes (5). Additionally, transfection was observed only in the location to which complexes
were bound, suggesting the possibility of spatially regulating DNA delivery.

Plasmid DNA or DNA complexed with cationic polymers or lipids can also interact with
substrates through non-specific, noncovalent mechanisms (2,46,145-147), including
hydrophobic, electrostatic, and van der Waals interactions. These interactions have been well-
characterized for adsorption and release of proteins from polymeric systems (40,41). Polyplexes
and lipoplexes non-specifically immobilized to substrates have been shown to enhance the extent
of transgene expression in both cell lines and primary human-derived cells, along with an
increased cellular viability (2). This enhancement was dependent on both the properties of the
complex (e.g., complexation agent, N/P ratio), and substrate. However, the properties of the
substrate that mediate gene transfer remain poorly understood.

In this chapter, self-assembled monolayers (SAMs) of alkanethiols on gold were used to
investigate substrate-mediated transfection by non-specifically immobilized complexes. SAMs
provide a flexible system to regulate the terminal functional group chemistry to examine the
complex-substrate interactions (63,148,149). Hydrophilic substrates with varying densities of
ionic functional groups, as well as hydrophobic substrates, were examined for their ability to
bind and release complexes, and to subsequently support transfection. Furthermore, the
flexibility in surface chemistry of SAMs permits preparation of patterned surfaces with varying

degrees of surface charge and wettability. Microcontact printing (LCP), a soft lithographic
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technique, was used to imprint gold substrates with specific patterns of SAMs using an
elastomeric stamp (65,72-74), creating regions of different surface properties. Here we
demonstrate the ability to use micropatterning to pattern DNA complex immobilization and

transfection.

4.2 Material and methods

4.2.1 Gold slide preparation and monolayer self assembly

Gold-coated glass slides, composed of a titanium adhesion layer and 100 — 500 A of gold,
were prepared using e-beam evaporation (Edwards Electron Beam Evaporator, Wilmington,
MA). The gold-coated slides were then cut into smaller pieces with a diamond-tipped glass
cutter, so that pieces fit into standard 48-well tissue culture plates. These gold pieces were
prepared for SAM formation by treatment with oxygen plasma (Harrick Scientific, Ossining,
NY), followed by sonication in ethanol, or alternatively cleaned in acetone and ethanol, with
subsequent drying under a stream of nitrogen.

SAMs were formed by immersion of the clean gold substrates into 2 mM ethanolic
solutions of alkanethiols for 30 minutes to overnight in the dark, depending on monolayer
characteristics. Monolayers were formed with three different alkanethiols and combinations
thereof, including 1-decanethiol (DT10), 11-mercapto-l1-undecanol (MUOH), and 11-
mercaptoundecanoic acid (MUA) (Aldrich, St. Louis, MO). Alkanethiol solutions were (freshly)
prepared in filtered, degassed ethanol. After monolayer formation, SAM samples were rinsed in

pure ethanol and dried with nitrogen before further use.
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4.2.2 Verification of surface chemistry

X-ray Photoelectron Spectroscopy (XPS) was used to analyze the surface functional
groups of the SAMs to verify successful modification. XPS spectra were recorded using an
Omicron ESCA Probe system with an Al/Mg anode X-ray source. A single survey scan
spectrum (range 20 - 1000 eV) and 3-5 narrow scans for Cls (275-295 eV) and Ols (525-550
eV) were recorded for each sample. Analysis of the data was performed using Multipak software
(Physical Electronics, Inc, Eden Prairie, MN). Chemical shifts were referenced to Cls at 285
eV. Surface modification by SAM formation was also analyzed by the measurement of contact
angles of water in air on the various SAMs at room temperature with a goniometer (Ramé-Hart;

Mountain Lakes, NJ).

4.2.3 Quantification of DNA complex immobilization and release

Plasmid DNA encoding for luciferase (LUC) and enhanced green fluorescent protein
(EGFP) with a CMV promoter was purified from bacteria culture using Qiagen (Santa Clara,
CA) reagents and stored in Tris-EDTA buffer (10 mM Tris, | mM EDTA, pH = 7.4) for binding,
release and transfection experiments. For DNA complex formation, Lipofectamine 2000 (Life
Technologies, Gaithersburg, MD) in serum-free cell growth media (DMEM, Life Technologies)
was added drop wise to DNA in serum-free cell growth media, mixed by gentle pipetting, and
incubated for 20 minutes.

The binding and release of DNA complexes from various SAMs was monitored using
plasmid DNA radiolabeled with o->P dATP. Briefly, a nick translation kit (Amersham

Pharmacia Biotech; Piscataway, NY) was used following the manufacturer’s protocol with minor
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modifications (6). The labeled DNA was diluted with unlabeled DNA to a final concentration of

1% and this mixture was then used to form DNA complexes. After SAM preparation, digital
photographs of each sample were taken before complex immobilization, and analyzed with
Image] (NIH) to determine the area of each surface. Complexes (1 pg of DNA at a DNA
(ng):lipid (puL) ratio of 1:2) were immobilized by incubation on SAMs for 2 hours, followed by
two wash steps with serum-free cell growth media. The quantity of DNA immobilized was
determined by immersing individual SAM samples in scintillation cocktail (5 mL, ScintiVerse
IT) for measurement with a scintillation counter. The counts were correlated to DNA mass using
a standard curve. The density of DNA immobilized to each SAM sample was determined by
normalizing the amount bound to area and reported as the mean + s.e.m. of three replicates.

The release profiles from SAMs with immobilized DNA complexes were determined by
incubation with serum-containing cell growth media at 37°C in a humid chamber. At
predetermined time points, half of the media was removed and replaced with fresh media. The
activity of the collected sample was measured in a scintillation counter. At the final time point,
the counts remaining on the SAM samples were also determined. The percentage of DNA
released was calculated as the ratio of the cumulative counts released through a given time
divided by the total counts initially on the substrate, thus, the release curves represent the

percentage of DNA released relative to the initial amount bound to each surface.

4.2.4 Transfection on SAMs

Transfection studies were performed with NIH/3T3 (ATCC; Manassas, VA) cells

cultured at 37°C and 5% CO, in DMEM supplemented with 1% sodium pyruvate, 1%
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penicillin-streptomycin, 1.5 g/ NaHCOj; and 10% fetal bovine serum. After complex formation
and immobilization as described above, SAMs were immediately seeded with 15,000 cells in 48-
well plates. Transfection was analyzed following a 48-hour culture, characterized through the
extent of transgene expression, which was quantified by measuring the luciferase activity using
the Luciferase Assay System (Promega, Madison, WI). Cells were lysed and assayed for
enzymatic activity after 48 hours. The luminometer (Turner Designs, Sunnyvale, CA) was set
for a 3 second delay and an integration of the signal for 10 seconds. Luciferase activity was
normalized to the total protein amount determined with the BCA protein assay (Pierce,
Rockford, IL). The effect of SAMs on cell morphology and adhesion was determined by cell

seeding on SAMs, as described above, in the absence of DNA complex immobilization.

4.2.5 Patterned SAMs and complex deposition

Microcontact printing (LCP) with a polydimethylsiloxane (PDMS) stamp was used to
imprint gold surfaces with specific patterns of hydrophilic alkanethiols, which could be used to
regulate the location of DNA deposition and subsequent delivery from the surface. For stamp
fabrication, PDMS was prepared in a 10:1 (v:v) ratio of Silicone Elastomer-184 and Silicone
Elastomer Curing Agent-184 (Sylgard 184, Dow Corning, Midland, Michigan) by mixing the
base and curing agent at least 50 times using a syringe mixing system. After allowing all air
bubbles to escape, the PDMS was poured directly into a metal mesh master mold, situated
between two blocks of polyethylene with neoprene spacers, and cured at room temperature for
approximately 3 days. The stamp was then removed from the mold, and washed with ethanol

and dried under nitrogen before each use. This master produced stamps with approximately 1-
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mm features. Alternatively, PDMS stamp molds were also fabricated by spin coating SU-8
negative photoresist (MicroChem, Newton, MA) onto a silicon wafer, exposing photoresist to
UV through a mask for 10 seconds, and then developing the photoresist following the
manufacturer’s instructions. The mask was prepared using a computer drawing program to
create a pattern that was printed onto a transparency (67,74), also with 1-mm features. PDMS
(5.5 g) was poured onto the photolithographic mold, cured at 60°C for 1-3 hours, and then
carefully peeled away from mold. The stamp was cleaned in an oxygen plasma cleaner, rinsed in
acetone and methanol, and dried under nitrogen before each use.

For uCP of alkanethiols, the PDMS stamp was inked with a 2 mM solution of 50%
MUA/50% MUOH thiols and then dried under nitrogen. The stamp was then placed in contact
with a gold substrate for 1-5 minutes. The stamped substrate was then carefully peeled from the
stamp and immersed into a 2 mM solution of DT10 for 15-60 minutes. After derivatization with
the secondary thiol, the stamped surface was washed twice in ethanol and dried under nitrogen.

Secondary Ion Mass Spectrometry (SIMS) was used to verify the spatial distribution of
SAMs on the stamped surface by imaging the two-dimensional distribution of chemical species
on the submicron scale. SIMS spectra and images for bulk and patterned surfaces were recorded
using PHI TRIFT III ToF-SIMS system (Physical Electronics, Inc, Eden Prairie, MN). The two
dimensional distribution was obtained using stage raster imaging techniques, scanning
specifically for OH, S, C;H,0,, Au, CHO,, C;H30,, and C;H chemical species in negative mode.
Furthermore, water droplets termed condensation figures (CFs), which form from regions with
different wettabilities (76), were used as an additional method to verify and image SAM patterns

on the surface, by simply pipeting MilliQ water onto the stamped surfaces.
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Plasmid DNA (pEGFP-LUC) was labeled with tetramethyl rhodamine (Label IT Nucleic

Acid Labeling Kit, Mirus, Madison, WI). This DNA was used to form complexes with
Lipofectamine 2000, as described above. Complexes were then deposited onto patterned SAM
surfaces in CFs formed on the hydrophilic areas. Complexes were allowed to deposit for a
period of one hour, in humid conditions, and then visualized with fluorescence microscopy.

Control deposition studies were performed with rhodamine-labeled DNA complexes

immobilized on uniform 50% MUA/50% MUOH and DT10 SAMs.

4.2.6 Patterned transfection

On a patterned SAM surface, 0.5 pg of plasmid DNA (pEGFP-LUC) complexed with
lipid (1:2.5, DNA to lipid ratio) in a total volume of 50 ul, was deposited in CFs that formed on
the hydrophilic regions over the entire surface for one hour, in humid conditions. The droplets
were then removed with a stream of nitrogen and deposition was repeated for up to five times,
with freshly prepared complexes using the same conditions as above. The patterned surface was
then washed with media and NIH/3T3 cells were seeded as described above. Transfection was
analyzed following a 48-hour culture and characterized through the number of transfected cells,
using GFP expression. Transfected cells were visualized and manually counted using an
epifluorescence microscope (Leica; Bannockburn, IL) with a FITC filter and equipped with a
digital camera. The percentage of transfected cells was calculated as the ratio of the number of
transfected cells divided by total cell number, which was determined by manual counting of
phase images. Control transfection studies were performed on uniform 50% MUA/50% MUOH

and DT10 SAMs.
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4.2.7 Statistics

Statistical analysis was performed using JMP software (SAS Institute, Inc., Cary, NC).
Comparative analyses were completed using one-way ANOVA with Tukey post-tests, at a 95%
confidence level. Mean values with standard error of the mean are reported and all experiments

were performed in triplicate.

4.3 Results and discussion

4.3.1 Surface characterization

SAM formation was confirmed with XPS and contact angle measurements. The XPS
spectra (Figure 4-1) indicated that while the gold substrate showed minimal carbon, oxygen, or
sulfur peaks, the MUA SAM sample containing carboxylic acid groups had a peak at binding
energy ~289 eV, characteristic of the carbon in the COOH groups (150). Additionally, the Ols
peak intensity further verified the presence of carboxylic acid groups in the MUA sample. The
low sulfur intensity was similar to XPS spectra previously reported (150). Spectra for other
SAMs also indicated successful modification (data not shown). Substrate modification by SAM
formation was further confirmed by the measurement of contact angles of water droplets in air
on the various SAMs. The wettability of the surfaces indicated that the DT10 SAMs were
hydrophobic (angles greater than 110 degrees), while surfaces with SAMs of MUOH and MUA
were hydrophilic (angles less than 30 degrees), as expected (148,150,151). Additionally, contact

angles for all SAMs were different than that of gold, indicating surface modification.
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Figure 4-1 XPS verification of SAM formation. XPS spectrum of a MUA surface (solid line)
relative to a gold surface (dashed line) indicated increases in carboxylic acid groups at binding
energy ~289 eV, characteristic of the carbon in the COOH groups. The Ols peak intensity
further verified the presences of the carboxylic acid groups in the MUA sample.

4.3.2 Quantification of complex immobilization

SAMs of alkanethiols on gold were used to investigate the relationship between surface
properties and nonspecific immobilization of DNA complexes. Both hydrophilic and
hydrophobic surfaces were investigated, including hydrophilic substrates with varying densities
of charged, carboxylic acid groups. The amount of DNA immobilized to the surfaces ranged
from 63 ng/cm? to 29.5 ng/cm?, as the percentage of carboxylic acid functional groups decreased
from 100% (100% MUA) to 0% (0% MUA, 100% MUOH) (Figure 4-2A). Binding of DNA
complexes on 100% MUA surfaces was significantly greater than 50% MUA SAMs (p < 0.01),

as well as 10% MUA, 1% MUA, and 0% MUA SAMs (p < 0.001). Surfaces containing 50 %



62

carboxylic acid groups resulted in statistically greater binding than substrates with 10% (p <
0.01) or 1% (p < 0.001) charged groups.

In addition to the percentage of carboxylic acid groups, the hydrophobicity of the SAMs
also affected the amount of immobilized DNA complexes (Figure 4-2B). While complex
binding was statistically greater on a hydrophilic SAM containing 100% carboxylic acid
functional groups as compared to a hydrophobic DT10 SAM (49.4 ng/cm’ p < 0.01), the
opposite was true for hydrophilic surfaces with few or no charged functional groups. DNA
complex adsorption was statistically greater on a hydrophobic substrate (Figure 4-2B) than
hydrophilic surfaces containing 10% (p < 0.01) or fewer (p < 0.001) carboxylic acid groups
(Figure 4-2A and B). For any SAM substrate, the amount bound corresponded to less than 4%
of DNA initially added to the surface, which is less than previously reported for similar
deposition schemes (2).

Surface ionization and hydrophobicity were both found to mediate complex
immobilization. Increasing the density of charged functional groups on the surface increased
complex immobilization, suggesting that electrostatic interactions play a major role in binding.
However, statistically greater adsorption to a hydrophobic substrate (DT10) as compared to a
nonionic, hydrophilic surface (100% MUOH) suggests that immobilization can also be mediated
by hydrophobic interactions. Substrate hydrophobicity has previously been shown to play a
significant role in relative local DNA plasmid concentration within deposited spots of an array
(115,148,149,152), with higher surface immobilization on hydrophobic polystyrene substrates as
compared to more hydrophilic, treated surfaces. DNA polyplex adsorption was also found to be

higher on polystyrene substrates, as compared to more hydrophilic, serum-modified surfaces (2).
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Figure 4-2 DNA-complex binding on SAMs. The amount of immobilized radiolableled DNA
was determined for varying densities of carboxyl groups (A) and surface hydrophobicity (B).
Percentage of carboxyl groups (A) refer to a background of MUOH SAMs. All values are

reported as the mean + s.e.m. (**p < 0.01, *** p < 0.001).
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SAMs present an opportunity to dissect the contributions of specific surface functional
groups on complex immobilization and substrate-mediated transfection. Our findings reveal that
nonspecific DNA complex adsorption is mediated by at least two mechanisms: adsorption by
charge-charge interactions and adsorption by hydrophobic interactions, two mechanisms which
have been shown to be involved in nonspecific protein adsorption (148,149,152). However, like
protein adsorption (148,153), DNA complex immobilization is presumably also affected by
properties of the complexes themselves (2,6). In contrast to our findings, a study by Yamauchi
and colleagues (118) reported that immobilization of DNA complexes on SAMs was
independent of surface chemistry, yet indicated that electrostatic interactions were most
important for DNA complex immobilization. In addition, hydrophobic regions were shown to
have tight interactions (118), which is similar to our finding that surface hydrophobicity and

ionization affect DNA complex immobilization.

4.3.3 Quantification of complex release

The stability of the interaction between the complexes and surface was investigated
through release studies (Figure 4-3). Release rates and total amount of DNA complexes released
from SAMs was independent of surface chemistry (Figure 4-3). Most release occurred by 24
hours and after 8 days 70-85% of complexes were released. The release of DNA complexes
increased from 73% for hydrophilic, ionic surfaces (100% MUA), 77% for hydrophobic surfaces
(DT10), to 84% and 85% for 0% (100% MUOH) and 50% MUA, respectively. Similarly,
Yamauchi and colleagues (118) found at high surface densities that surface chemistry did not

affect the release rates of DNA complexes from SAMs. In contrast, they found that lower
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Figure 4-3 Surface chemistry and release. Radiolabeled DNA was used to quantify the amount

of DNA released from each type of SAM (® 50% MUA, O 100% MUA; B 100% MUOH, ¢
DT10 ) into serum-containing media. All values are reported as cumulative percentage released,
reported as the mean + s.e.m. at each time point.

densities of immobilized complexes resulted in highest release on hydrophilic substrates,
containing either carboxylic acid or hydroxyl terminal groups, whereas release was limited on
hydrophobic surfaces due to tight interactions (118). However, their release profiles were
determined in PBS, which presumably only disrupted electrostatic interactions (118). In this
chapter, release profiles were performed in serum-containing growth media. The presence of
serum has been shown to significantly enhance the release of non-specifically immobilized
complexes relative to incubation with PBS (2). This enhanced release from the substrate is

presumably mediated by competitive binding of serum that displaces the complexes and
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components.  Additionally, serum-containing media represents the most stringent release
conditions, as it also contains salts that could disrupt electrostatic interactions, and also best
emulates cell culture conditions. Our finding that release is independent of surface chemistry
suggests that complex release from the substrate is mediated by competitive binding of serum
that displaces the complexes, and components within the serum can bind through both

electrostatic and hydrophobic interactions to the underlying SAMs.

4.3.4 Transfection on bulk SAMS on gold

Substrate-mediated delivery is based on the immobilization of DNA complexes to the
culture substrate (2,5,6), resulting in elevated DNA concentrations in the cellular
microenvironment, which has been shown to enhance gene delivery (30,31). While
immobilizing DNA to a substrate may seem counterintuitive as cellular internalization is
necessary for expression, viral vectors have been shown to associate with the extracellular matrix
to facilitate cellular binding and internalization (35,36). The properties of the substrate are
critical determinants of the interaction strength between the complexes and the surface, which
subsequently affects the extent of transfection. SAMs were explored to examine the relationship
between surface chemistry and substrate-mediated transfection. SAMs of alkanethiols on gold
can be used in cell culture for periods of days (67) and have been used in many cell culture
studies, particularly to understand molecular surface determinants required for adhesion

dependent cell growth and proliferation (69-71).
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Figure 4-4 Surface chemistry and substrate-mediated transfection. SAMs were formed with an
increasing density of carboxyl groups (A) and varying hydrophobicity (B). All values are
reported as the mean + s.e.m (**p < 0.01).
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Transfection, like immobilization, was affected by both surface hydrophilicity and
ionization (Figure 4-4), with the greatest transfection on surfaces containing 100% carboxylic
acid functional groups. Increasing the percentage of ionic functional groups presented at the
surface increased the extent of transfection, with 2.4-fold greater transfection on 100% MUA
surface as compared to a nonionic hydrophilic substrate (100% MUOH) (Figure 4-4A), similar to
previous reports (118). The trend for increased transfection mirrored that of DNA
immobilization (Figure 4-2A), as over 2-fold more DNA complexes were bound to the 100%
MUA surfaces as compared to 100% MUOH. Delehanty and colleagues (115) also found that an
increase in the amount of deposited DNA resulted in a corresponding increase in transfection
efficiency.

Complexes immobilized on hydrophilic, ionic surfaces (100% MUA) resulted in
statistically greater transfection (p < 0.01) than hydrophobic substrates (Figure 4-4B). While
DNA complex immobilization was less than 1.5-fold greater on 100% MUA than hydrophobic
surfaces (Figure 4-2B), transfection was over 2.5-fold lower on the hydrophobic substrate
(DT10). Additionally, transfection was greater on all hydrophilic surfaces, including 0-10%
MUA, compared to the DT10 surface, in contrast to statistically greater immobilization of DNA
complexes on the hydrophobic surface (Figure 4-2B). Low transfection on the DT10 substrates
could be due to a combination of factors, including insufficient cell adhesion (70) or complex
conformation changes induced upon binding, which have been shown to contribute to
irreversible binding of proteins to hydrophobic surfaces (154). Total protein amount on the
hydrophobic surfaces, as determined by the BCA assay, was similar or greater than all other

surfaces, indicating that low transfection on these substrates was not due to insufficient cell
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numbers (data not shown). Additionally cell morphology and adhesion were similar on

hydrophilic and hydrophobic surfaces (Figure 4-5). Yamauchi and colleagues have proposed

Figure 4-5 Cell adhesion on SAMs. The morphology and adhesion of cells was observed 24
hours after seeding cells on SAMs of (A) 50% MUA and (B) DT10, both lacking immobilized

DNA complexes. Scale bars correspond to 200 pum.

that tight interactions of the DNA complexes with hydrophobic substrates can lead to lower
transfection efficiencies (118). For DNA polyplexes or lipoplexes adsorbed to serum-modified,
hydrophilic surfaces, the amount bound was similar as to those immobilized on hydrophobic,
polystyrene surfaces, however the extent of transfection was greater on the hydrophilic substrates
(2), consistent with results reported here.

Charged, hydrophilic substrates, which may provide reversible interactions between the
substrate and complex, provides the most efficient gene delivery, requiring orders of magnitude

less DNA on the surface as compared to previous reports (2). Transfection was highest on the
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hydrophilic substrates, and transgene expression was significantly increased on hydrophilic
substrates with similar or less amounts of DNA relative to hydrophobic substrates. The
conformation of the DNA complexes may be altered upon binding to hydrophobic surfaces and
explain low transfection levels. Thus, variability in the type of interactions between the
complexes and substrate, mediated by changes in hydrophobicity and ionization, result in the

different transfection levels observed on SAMs of varying surface chemistries.

4.3.5 Patterned SAMs and complex deposition

SAMs can be used in conjugation with uCP, a soft lithographic technique, to imprint
substrates with specific patterns of SAMs (65,72,74). A PDMS stamp was used to imprint gold
surfaces with specific patterns of hydrophilic alkanethiols (50% MUA) in a background of

methyl-terminated alkanethiols (DT10). Secondary Ion Mass Spectrometry (SIMS) verified the

Figure 4-6 Microcontact printing on SAMs. (A) Secondary lon Mass Spectrometry (SIMS) of
stamped surface imaged the relative concentration of the mapped molecules, with red referring to
higher concentrations of the hydrophilic alkanethiols. (B) Condensation figures created by
pipeting water onto the stamped surface, which quickly collected in the hydrophilic regions.
Gold-coated glass slides were used to prepare SAMs (Platypus Technologies, Madison, WI).
Scale bars correspond to 1 mm.
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spatial distribution of SAMs on the stamped surface (Figure 4-6A). The image brightness at

each point is a function of the relative concentration of the mapped molecules, with red regions
indicating higher concentrations of the carboxylic acid-terminated alkanethiolates. Additionally,
the formation of CFs, created by simply pipeting water onto the stamped surface, was used as a
method to verify and image SAM patterns on the surface (Figure 4-6B). These CFs were also
utilized to confine droplets containing DNA complexes to specific regions of the surface,
resulting in patterned DNA immobilization on a surface. Rhodamine-labeled DNA complexes
were deposited on patterned surfaces in CFs formed on the hydrophilic areas (Figure 4-7).
Complexes were seen to be confined to the circular patterns created by stamping, with relatively
even distributions over the entire circular hydrophilic region (Figure 4-7, A-D), in contrast to

unpatterned surfaces (Figure 4-7,E-F).

4.3.6 Patterned transfection

SAM surfaces patterned in regular arrays of hydrophobic and hydrophilic regions result
in water condensation preferentially on the hydrophilic regions (75,76). These
hydrophilic/hydrophobic arrays can be used to anchor droplets for concentrating a sample during
evaporation, to prepare protein samples for MALDI-MS (77), or to pin aqueous solutions of
DNA at specific array locations (78-80). Additionally, DNA complexes can be deposited in CFs
on the hydrophilic regions to spatially regulate immobilization and upon seeding of cells, to
pattern transfection. In this chapter, expression was examined by quantifying the percentage of
transfected cells within the patterns (Figure 4-8). GFP expression was assayed at 24 and 48 (data

not shown) hours using fluorescence microscopy. Transfection was confined to the patterns at
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Figure 4-7 Patterned complex deposition. Condensation figures were utilized to confine droplets
containing rhodamine-labeled DNA complexes to hydrophilic regions of a patterned surface,
resulting in patterned DNA immobilization (A-D). Complexes were allowed to deposit for one
hour, in humid conditions, and then visualized with fluorescence microscopy. Control complex
deposition was performed on unpatterned 50% MUA (E) and DT10 (F) SAMs. Scale bars
correspond to 200um (A, B, E, F) and 100 um (C, D).
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both time points and cells in these patterns exhibited transfection efficiencies near 40% (Figure
4-8A), similar to unpatterned substrates (Figure 4-8, C-F). Cellular adhesion was also patterned,
as adhesion was greater on carboxyl-terminated SAMs (Figure 4-8B). This finding supports
previous studies reporting the inability of cells to adhere to methyl-terminated SAMs in the
presence of serum (69-71,155). Selective  cellular adhesion  suggests that
hydrophilic/hydrophobic patterning strategies not only aid in the placement of complexes
(78,79,118) but also the attachment of cells (69-71), resulting in patterns of transfection. In a
similar study, micropatterned SAMs greatly facilitated regionally defined loading of DNAs and
their expression in mammalian cells (118), however cellular adhesion was not patterned,
presumably due to choice of cell type. We have found that on our patterned substrates, the
hydrophilic regions support cell adhesion and high transfection, while the hydrophobic regions
limit cellular attachment, properties which could be important to the fabrication of a transfected
cell array.

Patterned gene delivery from a surface can be translated to a transfected cell array, which
represents a high throughput approach to correlate gene expression with functional cell responses
(95). Transfected cell arrays have been formed using a substrate-mediated approach in which
plasmids or adenoviruses were mixed with collagen and spotted onto glass slides or into wells
(95,113,126). Plated cells were transfected and could be analyzed for cellular responses using a
variety of imaging or biochemical techniques. These systems have also been used for
transfection of siRNAs, which were printed in cationic lipid/Matrigel mixtures (108).
Alternatively, Chang et al.(116) developed a technology they refer to as “surfection”, in which a

cationic polymer (PEI) and collagen are coated onto a surface. Plasmid DNA is then mixed with
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Figure 4-8 Patterned gene expression. Fluorescence and phase images were acquired and
assembled to represent the entire patterned region (A, B). Transfection was confined to patterns
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and transfection efficiency within patterns was over 30%. Control transfections were performed
on uniform 50% MUA (C, D) and DT10 (E, F) SAMs. Gold-coated glass slides were used for
SAM preparation (Platypus Technologies). Scale bar corresponds to 500 um (A,B) and 200 pum
(C-F).

cells that are plated onto this surface, which is divided up into wells by a silicone rubber sheet, to
pattern transfection. Also, DNA complexes have been mixed with fibronectin and spotted onto
glass slides for arrayed transfection of human mesenchymal stem cells (112). While transfected
cell arrays hold great potential (95,108,112,113,116,126), further development of a substrate-
mediated delivery system that efficiently transfects a wide variety of primary cells and cell lines,
while allowing for spatially-controlled delivery within the different domains is required
(95,129,130). Using SAMs on gold to form transfected cell arrays can allow precise control over
surface chemistries, interactions between the substrate and DNA complexes, transfection

efficiencies, and pattern sizes to create a well-characterized and efficient array delivery system.

4.4 Conclusions

In substrate-mediated delivery, DNA is immobilized to a substrate for delivery to cells
that adhere to the substrate (5,37). Efficient delivery of DNA complexes from a surface is
dependent on balancing the interactions between the substrate and the complexes. SAMs
provide a versatile and flexible system to correlate surface chemistry to DNA complex binding,
release and transfection. Surface hydrophobicity and ionization were found to mediate both

complex immobilization and transfection, while release was independent of substrate properties.
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Increasing the density of carboxylic acid groups on the surface increased complex
immobilization and transfection, suggesting that electrostatic interactions contribute to efficient
gene delivery from a substrate. Additionally, uCP was used to imprint substrates with specific
patterns of SAMs, creating hydrophilic regions within a hydrophobic background. Condensation
figures containing DNA complexes formed preferentially on the hydrophilic regions, resulting in
patterned complex immobilization and transfection. The ability to control the interactions
between complexes and substrates, combined with patterning strategies, has multiple
applications, such as scaffolds for tissue engineering and functional genomic screens in cell-

based assays.
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Chapter 5

Substrate-mediated gene delivery of tethered complexes from
self-assembled monolayers

5.1 Introduction

Efficient, controlled gene delivery is a fundamental goal in biotechnology, but can be
limited by both extracellular and intracellular barriers that prevent efficient gene transfer.
Extracellular barriers to gene delivery include mass transport limitations, cytotoxicity,
degradation, and aggregation (1), as well as cell targeting and uptake. Intracellular barriers to
gene transfer include release from the endosomal/lysosomal compartments into the cytoplasm,
subsequent delivery to the nucleus and expression of the transgene (16). Methods, such as
complexing DNA with nonviral vectors, as well as delivery mechanisms such as controlled
release systems, have been developed to overcome both intracellular and extracellular barriers.
Complexation with cationic lipids or polymers can facilitate internalization and transfection (7-
9), by enhancing interactions between positively charged DNA complexes and the negatively
charged cellular membrane, in addition to providing stability against degradation (13) and
facilitating intracellular trafficking (7,14). Controlled release systems for DNA delivery have the
potential to overcome extracellular barriers that limit gene transfer (81) and include delivery
through polymeric release in which the DNA is released from a polymer scaffold or substrate-
mediated delivery, in which DNA is retained at the surface of a substrate.

The substrate-mediated delivery strategy is based on the immobilization of DNA,

complexed with nonviral vectors, to a biomaterial or substrate that supports cell adhesion (82).
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Substrate-mediated gene delivery maintains elevated DNA concentrations in the cell
microenvironment, increasing its local concentration, which has been shown to enhance
transgene expression. DNA complexes can be immobilized on the substrate through specific
interactions introduced by means of complementary functional groups on the vector and surface
or through nonspecific interactions.

Specific interactions, including antigen-antibody or biotin-avidin (5,6,22) have been used
to immobilize DNA complexes. Poly(L-lysine) (PLL) or polyethylenimine (PEI) modified with
biotin residues for subsequent complexation with DNA and binding to a neutravidin substrate
(5,6) resulted in 100-fold increased transfection from the immobilized PLL complexes relative to
bolus delivery of complexes (5). For PEI, biotinylation did not affect the amount of complexes
bound or subsequent transfection, indicating that transfection was most likely mediated by
nonspecifically bound complexes (6).

Nonspecific mechanisms have been used to immobilize plasmid DNA or DNA
complexed with cationic polymers or lipids on substrates (2,45,46,117,145-147,156,157).
Polyplexes and lipoplexes non-specifically immobilized to serum-coated polystyrene have been
shown to enhance the extent of transgene expression in both cell lines and primary human-
derived cells, along with an increased cellular viability (2). Self-assembled monolayers (SAMs)
of alkanethiols on gold have been used to study the mechanisms of transfection by complexes
nonspecifically immobilized on chemically specific substrates, to determine appropriate
biomaterial surface properties for efficient gene delivery (117, Chapter 4). SAMs are
homogenous, highly ordered films of organic molecules anchored to a surface that provide a

flexible system to regulate terminal functional group chemistry to examine the complex-substrate
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interactions (63,148,149). DNA, complexed with cationic lipids, was immobilized through
nonspecific mechanisms to SAMs presenting various combinations of hydrophilic and charged,
hydrophilic and uncharged, and hydrophobic terminal functional groups (117, Chapter 4).
Surface hydrophilicity and ionization were found to mediate both immobilization and
transfection, with highest levels on hydrophilic, charged SAMs relative to uncharged or
hydrophobic surfaces. However, modulating the surface chemistry had no effect on complex
release.

While nonspecific immobilization strategies have been used to enhance transfection in
vitro, translating the substrate-mediated delivery approach to biomaterials for the localized,
controlled, and efficient delivery of DNA in vivo requires that the complexes be retained at the
biomaterial surface, with tunable release profiles. Previous studies with nonspecifically
immobilized complexes have demonstrated a rather fast release of complexes, independent of
immobilization strategy or surface chemistry (2,6,117). In the studies reported in this chapter,
SAMs of alkanethiols on gold were used to investigate substrate-mediated transfection by
covalently tethered complexes to determine the effect of immobilization strategy on complex
binding, release and transfection.

In our approach presented here, the ability of specifically tethered complexes to mediate
transfection was investigated. DNA, complexed with PEI, was covalently linked to SAMs
presenting appropriate functional groups through a fraction of the functional groups available on
the PEI present in the complex. Preformed complexes were immobilized through direct covalent
attachment or via crosslinkers (homobifunctional or heterobifunctional), both with and without

the ability to be degraded. The tethering strategies investigated were based on well-known
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coupling chemistries, which have previously been used to attach proteins and other biomolecules
to SAMs and other substrates. Proteins have been tethered to SAMs via carbodiimide chemistry
(158-161) or Schiff base formation (153). Direct coupling strategies have also been used to
attach PEI to SAMs via formation of an interchain carboxylic anhydride intermediate (162).
Homobifunctional crosslinkers have been used to crosslink proteins (163) to SAMs, as well as
PEI to a biodegradable polymer for subsequent delivery of DNA for transfection of cells adjacent
to polymer (51). Similarly, proteins (78) and thiolylated oligonucleotides (164) have been
crosslinked to SAMs via heterobifunctional crosslinkers. Similar attachment strategies were
investigated for complex tethering.

Our goal was to directly attach unmodified complexes to substrates, rather than attaching
moieties to PEI prior to complexation or after, to avoid complications with complexation and
complex activity. SAMs were again used as model substrates, in that they present a uniform,
defined surface chemistry and offer laterally well-defined sites at which biomolecules can be
covalently attached to specific functional elements. Oligo(ethylene glycol) (EG) —terminated
alkanethiols (165,166) were incorporated into the SAMs presenting the appropriate functional
groups for the covalent tethering strategies, to limit nonspecific complex adsorption, which has
plagued previous attempts of specific immobilization (6). These EG-terminated SAMs have
been shown to resist nonspecific protein adsorption (166,167) and have previously been
incorporated into SAMs for subsequent immobilization of proteins and ligands with sensitive
functional groups (159,160), to prevent the adhesion of the protein of interest to all but the
exposed functional groups on the surface. For our study, the percentage of EG incorporated was

low so as not to prevent cell adhesion.



81

Covalently tethered complexes provide an approach to extend the retention of complexes
at the surface, especially in serum-containing environments, including in vivo conditions. These
covalent tethering strategies have the potential to be translated to biomaterial surfaces, for use in
tissue engineering applications.  Furthermore, the covalent immobilization of functional,
biological molecules onto defined and conductive surface provides the basis for sophisticated
biomolecular architectures with numerous applications for in vitro studies and in vivo

translation.

5.2 Material and methods

5.2.1 Gold slide preparation and monolayer self assembly

E-beam evaporation (Edwards Electron Beam Evaporator, Wilmington, MA) was used to
prepare gold-coated glass slides consisting of a 5 nm titanium adhesion layer and 50 nm of gold.
These gold-coated slides were cut into smaller pieces that fit into standard 48-well tissue culture
plates with a diamond-tipped glass cutter. To prepare for SAM formation, gold was extensively
washed in acetone and ethanol, with subsequent drying under a stream of nitrogen.

SAM formation was accomplished by immersion of the clean gold substrates into 2 to 10
mM ethanolic solutions of alkanethiols for 3 to 18 hours in the dark, under argon. Monolayers
were formed with combinations of four different alkanethiols, including 11-mercaptoundecanoic
acid (MUA, COOH-terminated), 1,8-octanedithiol (O8SH, SH-terminated) (Aldrich, St. Louis,
MO), 2-hydroxypentamethylene sulfidle (HPMS, C=O-terminated) (Toronto Research
Chemicals, Ontario, Canada) and HS(CH,);;(OCH,CH,)sOH, an oligo(ethylene glycol)-

terminated alkanethiols (EG) (ProChimia, Gdansk, Poland). The combination of thiols used for



82

monolayer formation was determined by the immobilization chemistry utilized. Alkanethiol
solutions were freshly prepared in filtered, degassed ethanol. After monolayer formation, SAM

samples were rinsed in pure ethanol and dried with nitrogen before further use.

5.2.2 Cellular adhesion on SAMs

Cell morphology and adhesion studies were performed on SAMs with increasing
percentages of EG-terminated alkanethiols in a background of MUA, prepared as described
above. NIH/3T3 cells (ATCC; Manassas, VA), cultured at 37°C and 5% CO, in DMEM
supplemented with 1% sodium pyruvate, 1% penicillin-streptomycin, 1.5 g/LL NaHCO; and 10%
fetal bovine serum, were seeded at a density of 15,000 cells per SAM. Cellular morphology and

adhesion were analyzed after 24 and 48 hours using phase microscopy.

5.2.3 DNA complex formation

Plasmid DNA was purified from bacteria culture using Qiagen (Valencia, CA) reagents
and stored in Tris—EDTA buffer solution (10 mM Tris, | mM EDTA, pH 7.4) at —20 °C.
Plasmid pEGFP-LUC encodes both the enhanced green fluorescent protein (EGFP) and firefly
luciferase protein (LUC), under the direction of a CMV promoter and was used for all binding,
release and transfection experiments. For DNA complex formation, branched PEI (25 kDa,
Aldrich, St. Louis, MO) was diluted in an appropriate buffer (see immobilization chemistries
below) and then added dropwise to DNA in the same buffer, vortexed for 10 seconds, and

incubated for 15 min at room temperature. All complexes were formed at N/P ratios of 25, and 3
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png of DNA (300 pl final volume of complexes) was added to each SAM for all binding, release

and transfection studies.

5.2.4 Complex immobilization

DNA complexes, formed as described above, were immobilized to SAMs using six
different tethering strategies. Direct coupling was accomplished through carbodiimide chemistry
(EDC/NHSS) or Schiff base formation.  Crosslinking was accomplished through a
homobifunctional crosslinker (glutaraldehyde) or heterobifunctional crosslinkers (sulfo-SMCC,

AEDP, sulfo-LC-SMPT).

5.2.4.1 Direct coupling

For direct coupling of complexes, carbodiimde chemistry was used to attach amine-
containing PEI-DNA complexes to COOH-terminated SAMs. Specifically, 1-Ethyl-3-(3-
Dimethylaminopropyl) carbodiimde Hydrochloride (EDC, Pierce, Rockford, IL) with N-
hydroxysulfosuccinimide (NHSS, Pierce, Rockford, IL) coupling was performed by first forming
SAMs with various amounts of COOH-terminated alkanethiols in a background of EG-
terminated alkanethiols, to prevent nonspecific adsorption. These SAMs were then activated for
complex attachment by equilibration with 1X PBS (phosphate-buffered saline, pH 7.4) for 2
minutes, followed by a second incubation in a solution of EDC and NHSS (0.4 M and 0.1 M,
respectively) in MilliQ water for 10 minutes. Complexes, formed as described above in 25 mM
sodium phosphate buffer (pH 6.5), were then added to these activated SAMs for 2 hours, in the

presence of EDC and NHSS (final concentrations, 0.2 M and 0.05 M, respectively). After the
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immobilization period, the complex solution was removed and the SAMs were washed twice
with PBS. For control studies, MilliQ water was added to the surfaces in place of the EDC and
NHSS solution.

A second type of direct covalent attachment was performed through Schiff base/amine
bond tethering of PEI-DNA complexes to aldehyde-terminated SAMs. Specifically, coupling
was performed by first forming SAMs with various amounts of aldehyde-terminated alkanethiols
(HPMS) in a background of EG-terminated alkanethiols, to prevent nonspecific adsorption.
Complexes, formed as described above in 100 mM HEPES buffer (pH 6.5) or 0.2 M sodium
bicarbonate (pH 9.6), were added directly to these SAMs for 2 hours, or further reduced in the
presence of sodium cyanborohydride (10 pl of 5 M NaCNBH3; per mL of reaction solution, ICN
Biomedicals Inc., Aurora, OH). After the immobilization period, the complex solution was

removed and the SAMs were washed twice with the corresponding complex formation buffer.

5.2.4.2 Homobifunctional crosslinking

Glutaraldehyde was wused to crosslink PEI-DNA complexes to SAMs. A
homobifunctional crosslinker, glutaraldehyde contains aldehyde groups on either end that can
react with hydrazide groups and amines on SAMs and PEI of the complexes, respectively.
Specifically, SAMs with 60% COOH-terminated alkanethiols in a background of EG-terminated
alkanethiols were modified with adipic acid dihydrazide (AAD, Sigma, St. Louis, MO) to
present hydrazide groups. AAD was attached to COOH SAMs through EDC/NHSS chemistry,
as described above. Briefly, 32 mg/ml AAD solution in 0.1 M sodium phosphate, 0.15 M NaCl

(pH 7.2) was added to the surface in the presence of EDC and NHSS (final concentrations, 0.2 M
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and 0.05 M, respectively) for 16 hours with mixing. The AAD/EDC/NHSS solution was then

removed and surfaces were thoroughly rinsed with sodium phosphate buffer. Glutaraldehyde
(10% in sodium phosphate buffer, Fisher Chemical, Fair Lawn, NJ), was added to the AAD-
modified surfaces, either in the absence or presence of NaCNBH; for further reduction of the
Schiff base (10 pl of 5 M per mL of reaction solution) for one hour. After this period, surfaces
were again rinsed in sodium phosphate buffer and complexes, formed as described above in
sodium phosphate buffer, were added directly to these SAMs for 2 hours, or further reduced in
the presence of sodium cyanborohydride, as described above. After the immobilization period,
the complex solution was removed and the SAMs were washed twice with sodium phosphate

buffer. For control studies, complexes were immobilized in the absence of glutaraldehyde.

5.2.4.3 Heterobifunctional crosslinking

Complexes were also crosslinked to SAMs wusing sulfosuccinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate  (sulfo-SMCC, Pierce, Rockford, IL), a
noncleavable, heterobifunctional crosslinker that contains an NHS ester on one end and a
maleimide group on the other. Specifically, SAMs with SH-terminated alkanethiols (O8SH)
(168-170) were formed either homogeneously or in a background of EG-terminated alkanethiols
to prevent nonspecific binding of complexes. PEI-DNA complexes, formed as described above
in sodium phosphate buffer, were incubated with sulfo-SMCC, at 40-fold molar excess of
crosslinker over that of PEI, for 15 minutes to 1 hour at room temperature. These maleimide-
activated complexes were then added to the sulfhydryl-containing SAMs (O8SH) for 4 hours at

room temperature. After the immobilization period, the complex solution was removed and the
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SAMs were washed twice with sodium phosphate buffer. For control studies, complexes were

immobilized in the absence of sulfo-SMCC.

5.2.4.4 Cleavable heterobifunctional crosslinking

A cleavable, heterobifunctional crosslinker, 3-[(2-Aminoethyl)dithio]propionic acid —
HCL (AEDP, Pierce, Rockford, IL) was also used to tether complexes to SAMs. AEDP
contains an amine on one end and a carboxylic acid group on the other end and can be used with
carbodiimide chemistry to conjugate with amines on PEI of the complexes and carboxylic acid
groups on SAMs. The disulfide cross-bridge of AEDP may be cleaved using disulfide reducing
agents like dithiothreitol (DTT, Sigma, St. Louis, MO). Specifically, AEDP crosslinking was
performed by first forming SAMs with COOH-terminated alkanethiols, either homogeneously or
in a background of EG-terminated alkanethiols to prevent nonspecific adsorption. These SAMs
were then activated for complex attachment by equilibration with 1X PBS for 2 minutes,
followed by a second incubation in a solution of 0.2 M EDC, 0.05M NHSS, 8 mM AEDP in
water for 2 hours. The EDC/NHSS/AEDP solution was then removed and these AEDP-activated
SAMs were rinsed twice in MilliQ water and once in 1X PBS. Complexes, formed as described
above in 25 mM sodium phosphate buffer (pH 6.5), were then added to these activated SAMs for
2 hours, in the presence of EDC and NHSS (final concentrations, 0.2 M and 0.05 M,
respectively). After the immobilization period, the complex solution was removed and the
SAMs were washed twice with PBS. If cleaving of the crosslinker was desired for binding
studies, 50 mM DTT was added in sodium phosphate buffer to the SAMs with tethered

complexes and incubated for 4 hours at 37°C. After this period of reduction, the DTT solution
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was removed and SAMs were rinsed with sodium phosphate buffer. Cleaving of the crosslinker
for transfection studies was performed as just described, but 24 hours after cell seeding (see
below). For control studies, MilliQ water was added to the surfaces in place of the EDC and
NHSS solution, for each of the carbodiimide steps.

A second, cleavable heterobifunctional crosslinker was used to tether PEI-DNA
complexes to SAMs. Sulfosuccinimidyl 6-[a—methyl-a-(2-pyriduldithio)toluamido]hexanoate
(sulfo-LC-SMPT, Pierce, Rockford, IL) contains one end with a pyridyl disulfide derivative that
is sulthydryl-reactive, while the other end is an amine reactive-NHS ester. This crosslinker, like
AEDP, contains a disulfide bridge that is cleavable using disulfide reducing agents like DTT.
Specifically, sulfo-LC-SMPT crosslinking was performed by first forming SAMs with SH-
terminated alkanethiols (O8SH), either homogeneously or in a background of EG-terminated
alkanethiols to prevent nonspecific binding of complexes. PEI-DNA complexes, formed as
described above in 50 mM sodium phosphate, 0.1 M NaCl (pH 7.2), were incubated with sulfo-
LC-SMPT, (4 mM in MilliQ water, final concentration), for 30 minutes to 1 hour at room
temperature. These activated complexes were then added to the sulfhydryl-containing SAMs
(O8SH), which had been rinsed in 1X PBS, 10 mM EDTA, and incubated overnight at room
temperature. After the immobilization period, the complex solution was removed and the SAMs
were washed twice with sodium phosphate buffer. If cleaving of the crosslinker was desired for
binding studies, 50 mM DTT was added in sodium phosphate buffer to the SAMs with tethered
complexes and incubated for 4 hours at 37°C. After this period of cleavage, the DTT solution
was removed and SAMs were rinsed with sodium phosphate buffer. For control studies,

complexes were immobilized in the absence of sulfo-LC-SMPT.
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5.2.5 Quantification of DNA complex immobilization and release

Plasmid DNA was radiolabeled with o-">P dATP to measure the immobilization and
release of DNA complexes tethered to SAMs through direct and crosslinking strategies, as
described above. Briefly, a nick translation kit (Amersham Pharmacia Biotech; Piscataway, NY)
was used following the manufacturer’s protocol with minor modifications (6). The labeled DNA
was diluted with unlabeled DNA to a final concentration of 1% and this mixture was then used to
form DNA complexes, as described above. After SAM preparation, digital photographs of each
sample were taken prior to complex tethering and analyzed with ImageJ (NIH) to determine the
area of each surface. The quantity of DNA immobilized was determined by immersing
individual SAM samples in scintillation cocktail (5 mL, BioSafe II, Research Products
International Corp., Mount Prospect, IL) for measurement with a scintillation counter. The
counts were correlated to DNA mass using a standard curve. The density of DNA immobilized
to each SAM sample was determined by normalizing the amount bound to area.

Release profiles were determined for SAMs with immobilized DNA complexes, by
incubation with serum-containing cell growth media at 37°C in a humid chamber. At
predetermined time points, half of the media was removed and replaced with fresh media. The
activity of the collected sample was measured in a scintillation counter. At the final time point,
the counts remaining on the SAM samples were also determined. The percentage of DNA
released was calculated as the ratio of the cumulative counts released through a given time
divided by the total counts initially on the substrate, thus, the release curves represent the

percentage of DNA released relative to the initial amount bound to each surface. Release



&9

profiles were not determined for all tethering strategies, but only for those for which more

extensive analysis was deemed necessary.

5.2.6 Transfection on SAMs

Transfection studies were performed with NIH/3T3 cells, cultured as described above, on
SAMs with complexes immobilized through direct and crosslinking coupling strategies. After
complex formation and immobilization as described above, SAMs were seeded with 15,000 cells
in 48-well plates. Transfection was analyzed following a 48-hour culture, quantified by
measuring the luciferase activity using the Luciferase Assay System (Promega, Madison, WI).
The luminometer (Turner Designs, Sunnyvale, CA) was set for a 3 second delay with an
integration of the signal for 10 seconds. Luciferase activity (RLU) was normalized to the total
protein amount determined with the BCA protein assay (Pierce, Rockford, IL). Transfection
studies were not performed for Schiff base or sulfo-LC-SMPT tethering strategies, as these were
not further analyzed due to the amount of DNA complexes bound and/or ease of preparation (see

section 5.3).

5.2.7 Statistics

JMP software (SAS Institute, Inc., Cary, NC) was used to perform all statistical analysis.
Comparative analyses were completed using one-way ANOVA with Tukey post-tests, at a 95%
confidence level. Mean values with standard deviation are reported and all experiments were

performed in triplicate.



90
5.3 Results and discussion

Covalent coupling of DNA complexes to a substrate functions to place and maintain the
DNA within the cell microenvironment. Tethering could also provide an approach to extend the
retention of complexes at the surface, especially in serum-containing environments, including in
vivo conditions. Coupling to chemically defined SAMs as model substrates are advantageous in
that they offer laterally well-defined sites at which biomolecules can be covalently attached to

specific functional elements.

5.3.1 Direct coupling

For direct coupling of complexes, carbodiimde chemistry to attach amine-containing
biomolecules to COOH-terminated SAMs is well characterized (159,161) and easily adapted to
preformed complexes, with only a small fraction of free amino groups on PEI expected to react
with surface (171). In our studies, EDC was used to react with carboxylic acid groups present in
the SAM to form an amine-reactive intermediate, an O-acylisourea. As this intermediate is
unstable in aqueous solutions, it was stabilized using NHSS, which forms an amine-reactive
NHS ester (Figure 5-1). Primary amines within the PEI-DNA complexes were then reacted with
the activated SAMs presenting NHS esters, forming a stable peptide (amide) bond between the
surface and complex. Complexes were tethered to SAMs with varying densities of COOH
groups, in a background of EG-terminated alkanethiols (Figure 5-2), which were also included in
the monolayers as they are widely used to prevent nonspecific adsorption of proteins in covalent
coupling strategies (159,160), and were hypothesized to limit nonspecific complex

immobilization. The effect of EG-containing SAMs on cell morphology and adhesion was
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Figure 5-1 Direct coupling of PEI-DNA complexes to COOH/EG SAMs via EDC/NHSS
chemistry.

determined by cell seeding on SAMs with increasing percentages of EG-terminated alkanethiols
in a background of MUA (COOH). A monolayer containing no EG thiols resulted in a robust
cell monolayer and increasing the percentage of EG groups did not appreciably affect cellular
adhesion until EG groups constituted 40% or more of the monolayer (see Chapter 6, Figure 6-1).

Therefore 40% EG SAMs were used in all tethering studies, except in control conditions.
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Figure 5-2 EDC/NHSS coupling of complexes on SAMs. The amount of immobilized
radiolableled DNA was determined for SAMs with increasing percentages of COOH (MUA)
groups in a background of EG (A) in the presence or absence of the coupling reagents
(EDC/NHSS). Transfection was assayed from the same conditions (B). Radiolabeled DNA was
used to quantify the amount of DNA released (C) from tethered complexes (o 60 % MUA with
EDC/NHSS, A 60 % MUA) into serum-containing media. All values are reported as the mean +
s.d. and release values are reported as cumulative percentage released at each time point.
(Columns labeled with same letter designate conditions not statistically different; all other
comparisons, p < 0.01 for (A), p < 0.001 for (B)).
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For surfaces with no or only COOH groups (0% and 100% MUA, respectively) the

amount of DNA immobilized to the surfaces was not affected by the addition of the EDC/NHSS
(Figure 5-2A), suggesting that nonspecific binding may be prevailing, similar to previous results
(6). Binding was statistically greater (p < 0.01) on surfaces containing only COOH-terminated
alkanethiols (100% MUA), similar to previous studies (Chapter 4, 117) that showed increasing
the percentage of carboxylic acid groups on the surface increases binding of nonspecifically
immobilized DNA complexes.

For SAMs containing both COOH- and EG-terminated alkanethiols (60% MUA), the
addition of EDC/NHSS resulted in statistically less DNA bound (p < 0.01), which could indicate
successful tethering, in that one might expect covalent coupling to limit the interactions of the
complexes with the surface, thereby reducing the amount of DNA immobilized (Figure 5-2A).
Binding on 60% MUA SAMs, without the addition of EDC/NHSS, was significantly greater than
binding on 0% MUA, and lower than binding on 100% MUA, again supporting previous studies
demonstrating the effect of electrostatic interactions between the surface and complexes (Chapter
4). All binding densities are much greater than previous reports of lipoplexes binding to SAMs
(Chapter 4, 117), but are consistent with binding densities for PEI-DNA complexes on
hydrophilic, serum-coated polystyrene substrates (2). However, there was sufficient binding to
0% MUA surfaces (100% EG), which was unaffected by the addition of EDC/NHSS, suggesting
that a sufficient amount of nonspecific binding exists and was not prevented by the addition of
the EG groups in the SAMs. This nonspecific binding could therefore be contributing to all

binding densities for this coupling strategy (see Chapter 6 for more analysis and explanation).
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Transfection levels on all SAMs to which EDC/NHSS was added were zero (Figure 5-

2B), indicating that complexes were not available or viable for transfection. For the 60% MUA
and 100% MUA SAMs, the addition of EDC/NHSS would be expected to couple the complexes
to the surfaces, which would then make them not available for internalization by cells, and would
thus validate our system’s ability to tether complexes. However, the addition of EDC/NHSS to
SAMs containing no COOH groups (0% MUA), also resulted in no transfection. On these
surfaces, where the SAMs contained only EG groups, the complexes have nothing to tether to,
and a complete lack of transfection most likely indicates an inactivation of the complexes. The
amines of the PEI within the complexes could be activated by the addition of the NHSS, but that
in turn could be prohibiting successful cellular internalization and/or transfection.

Transfection by nonspecifically immobilized complexes, when no EDC/NHSS was added
(Figure 5-2B), was statistically greater (p < 0.001) on SAMs containing both COOH- and EG-
terminated alkanethiols (60% MUA). These findings are in contrast to previous studies, where
surfaces with 100% carboxylic acid functional groups resulted in highest transfection levels,
presumably due to high binding efficiencies (Chapter 4, 117). This enhancement in transfection
by SAMs containing EG groups is further explored in Chapter 6.

Release studies were used to investigate the presence of a covalent tether between the
complexes and surface (Figure 5-2C). Release rates and total amount of DNA complexes
released from SAMs were independent of the addition of EDC/NHSS. For both conditions (60%
MUA, with or without EDC/NHSS) most release occurred by 24 hours and after 8 days, less than
30% of the complexes were released, regardless of addition of the coupling reagents. These

release rates are substantially lower than profiles previously determined for lipoplexes from
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SAMs (117), but similar to release curves obtained from PEI-DNA complexes on hydrophilic,

serum-coated polystyrene substrates (2). Our finding that release was not affected by the
addition of EDC/NHSS provides even more evidence that the complexes were not successfully
tethered to the SAMs, and all DNA immobilization and release measured was that from
nonspecifically immobilized complexes.

Direct coupling to SAMs via EDC/NHSS chemistry has been used to immobilize
antibodies for the formation of an antibody array (161), proteins and ligands on mixed SAMs
containing EG-terminated alkanethiols and COOH-terminated thiols for AFM studies (159), and
nitrilotriacetic acid groups for immobilizing His-tagged proteins onto surfaces (172).
Furthermore, NHS-terminated alkanethiols have been used to form SAMs that covalently tether
proteins (158,160). We chose to explore the ability of EDC/NHSS coupling to tether PEI-DNA
complexes given its extensive use in protein tethering and the ability to use “standard” SAMs
and subsequently perform reactions on them to modify the surface chemistry. Performing
reactions on SAMs permits the properties of the surface to be tuned at the molecular level, but
due to the tightly packed nature of the SAMs, the choice of reaction is important (173). The
NHS functionality is often used to introduce a variety of amine-terminated molecules to SAMs
under mild conditions. The reaction proceeds quickly, giving high yields and is compatible with
a wide range of functional groups (173). While it is believed that most types of reactions can be
performed on SAMs, multistep synthesis of complex molecules on SAMs has not been widely
explored and our studies indicate that further modifications and refinements may be required,
including carefully selecting the ionic strength and pH of conjugation buffer, which have been

shown to affect protein tethering via EDC/NHSS (159).
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A second type of direct covalent attachment was performed through Schiff base/amine
bond tethering of PEI-DNA complexes to aldehyde-terminated SAMs (Figure 5-3). Aldehydes
react directly with amines to form a Schiff base, which is rather labile, but can be chemically
stabilized by reduction to form a covalent, secondary amine linkage. The aldehyde-terminated
monolayer was formed by exploiting the equilibrium between 2-hydroxypentamethylene sulfide
(HPMS) and its open chain aldehyde isomer in solution (174). Adsorption of the ring-opened,
aldehyde-terminated thiol on gold generates an aldehyde-terminated monolayer. This monolayer
has been shown to bind primary amine-containing polymers (174) and proteins (153) and could
directly react with amines on PEI-DNA complexes to form Schiff base without the use of other
reagents. The Schiff base, in turn, can be further reduced to an amine bond using sodium

cyanborohydride, NaCNBH3.
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Figure 5-3 Direct coupling of PEI-DNA complexes to aldehyde-terminated SAMs (HPMS) via
Schiff base formation followed by reduction to amine bond.
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Complex immobilization to SAMs with deceasing percentages of the aldehyde-
terminated thiols (HPMS), in a background of EG-terminated alkanethiols included to limit
nonspecific complex immobilization, was not affected by the composition of the surface or the
presence of the reduction agent, when complexes were deposited in high pH (9.6) (Figure 5-4A).
All conditions resulted in binding efficiencies less than 50 ng/cm®, which is lower than previous
reports of lipoplexes binding to SAMs (Chapter 4, 117), and binding densities for PEI-DNA

complexes on hydrophilic, serum-coated polystyrene substrates (2).
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Figure 5-4 Schiff base coupling of complexes on SAMs. The amount of immobilized
radiolableled DNA was determined for SAMs with decreasing percentages of aldehyde (HPMS)
groups in a background of EG in the presence of absence of the reducing reagent (NaCNBH3).
Complexes were immobilized in buffers of high pH, 9.6 (A) and low pH, 6.5 (B).

For immobilization at lower pH (6.5) (Figure 5-4B), binding densities were again not affected by
surface chemistry or the reduction of the Schiff base, as there was no statistical significance

between any conditions at this pH. For surfaces containing only aldehyde groups (100%
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HPMS), complex binding was higher (though not significantly) when the reducing agent was

present, which could verify greater binding when complexes were presumably covalently
tethered, which is in opposition to our results with EDC/NHSS. However, Schiff base formation
is known to proceed more efficiently at alkaline pH (175), and the much lower binding densities
for complexes deposited in pH 9.6 (Figure 5-4A) than in pH 6.5 (Figure 5-4B) could be
attributed to more effective covalent tethering, and thus less DNA bound, similar to results with
EDC/NHSS. However, for immobilization in both pHs, sufficient complex binding on surfaces
containing no aldehyde-terminated alkanethiols (0% HPMS) as compared to SAMs with
increasing percentage of HPMS, suggests nonspecific interactions might be the predominate
immobilization mechanism. Transfection studies were not performed for the Schiff base
tethering strategy, given the low complex binding densities, high amounts of nonspecific
binding, and lack of statistical significance between conditions, as well as problems with

monolayer formation.

5.3.2 Homobifunctional crosslinking

Glutaraldehyde was used to crosslink PEI-DNA complexes to SAMs (Figure 5-5). A
homobifunctional crosslinker, glutaraldehyde contains aldehyde groups on either end that can
react with hydrazide groups or amines. This crosslinker is very widely used for proteins (163) in
that it allows for specific mild covalent coupling (if further reduced) that is not appreciably
degraded. While Schiff base formation is typically thought of as a bond between aldehyde- and
amine-containing molecules, aldehyde-containing molecules will also react with hydrazide

compounds to form hydrazone linkages, which is a form of a Schiff base, but more stable than
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one between an amine and aldehyde. This bond can also be further reduced in the same way. To
capitalize on this more stable Schiff base, SAMs were modified with hydrazide groups to

crosslink to PEI-DNA complexes with glutaraldehyde.
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Figure 5-5 Homobifunctional crosslinking of PEI-DNA complexes to hyrazide-modified SAMs
via glutaraldehyde.

Complex immobilization in the absence of the crosslinker resulted in high binding
densities that were not affected by the absence or presence of reducing agent (Figure 5-6A), as

expected. These high binding efficiencies are much greater than previous reports of lipoplexes
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binding to SAMs (Chapter 4, 117), and PEI-DNA complexes on hydrophilic, serum-coated

polystyrene substrates (2), indicating that SAMs presenting hydrazides support high levels of
DNA immobilization. The amines on the hydrazides would not be expected to attract the
positively-charged complexes, though incomplete complexation could result in loops of DNA
extruding form the complexes, which could in turn interact with the hydrazide surfaces. When
glutaraldehyde was added to the SAMs but not the reducing agent, binding was similar to those
conditions without the crosslinker. However, complex immobilization was statistically lower (p
< 0.001) on surfaces where the presumed hydrazone and Schiff base linkages were further
reduced by NaCNBHj3;, again providing evidence for lowered binding for covalently tethered
complexes.

Transfection was nearly nonexistent on all surfaces (Figure 5-6B), in the absence or
presence of the crosslinker and the reducing agent. Cells were found to be dead on all surfaces
(data not shown), and apparent transfection on SAMs without glutaraldehyde with NaCNBHj3 can
be attributed to a few remaining cells in a single replicate, given the large error bars and
extremely low RLU/mg of protein values reported. While supporting high levels of complex
binding, hydrazide-terminated SAMs may be toxic to cells or prevent cellular adhesion
altogether. Alternatively, high concentrations of complexes in the cell microenvironment could
have contributed to the cell morbidity. Additionally, homobifunctional crosslinkers, including
glutaraldehyde, can have inherent problems in that both ends can react with surface (or
complexes), forming loops and leaving no group to react with complexes (or surface), and can
also result in a broad range of poorly defined aggregates that were not competent for

transfection.
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Figure 5-6 Glutaraldehyde crosslinking of complexes on SAMs. The amount of immobilized
radiolableled DNA was determined for SAMs with 60% COOH (MUA) groups in a background
of EG (A) in the presence or absence of the crosslinker (Glut) and reducing agent (NaCNBH3).
Transfection was assayed from the same conditions (B). Radiolabeled DNA was used to
quantify the amount of DNA released (C) from tethered complexes (e 60 % MUA with
EDC/NHSS/AAD and NaCNBH;, m 60% MUA with EDC/NHSS/AAD and Glut and
NaCNBH3;, A 60 % MUA with EDC/NHSS/AAD, ¥ 60% MUA with EDC/NHSS/AAD and
Glut) into serum-containing media. All values are reported as the mean + s.d. and release values
are reported as cumulative percentage released at each time point. (Columns labeled with same
letter designate conditions not statistically different; all other comparisons, p < 0.001 for (A)).
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Release profiles were used to investigate the presence of a covalent tether between the
complexes and surface (Figure 5-6C). Release rates and total amount of DNA complexes
released from SAMs was dependent on the coupling conditions. Release profiles were nearly
identical for conditions in which glutaraldehyde was added to the surfaces, both with and without
NaCNBH3;, with nearly 60% of the complexes released. However, for control conditions which
did not contain glutaraldehyde, release rates were much slower, with less than 30% of complexes
released. For all conditions most release occurred by 24 hours. Our finding that release is faster
for complexes presumably tethered to the SAMs than for complexes nonspecifically
immobilized, suggests that the tethering was either incomplete or degraded by some component
in the media, which would make glutaraldehyde an interesting crosslinker to explore, if issues

with the cytotoxicity associated with this tethering strategy could be eliminated.

5.3.3 Heterobifunctional crosslinking

Complexes were also crosslinked to SAMs using sulfo-SMCC, a noncleavable,
heterobifunctional crosslinker that contains an NHS ester on one end and a maleimide group on
the other (Figure 5-7). The NHS esters can react with primary amines to form covalent amide
bonds, as described above, and maleimide groups can react with sulfhydryl groups to form stable
thioether bonds. This crosslinker is often used for antibody-enzyme preparation and has been
used with SAMs to attach biomolecules (78,164). In our studies, PEI-DNA complexes were
added to SAMs with SH-terminated alkanethiols (O8SH) (168-170), formed either
homogeneously or in a background of EG-terminated alkanethiols to prevent nonspecific binding

of complexes. Complex binding was exceptionally high on O8SH SAMs in the absence of the
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sulfo-SMCC crosslinker (Figure 5-8A), higher than densities reported in this study or elsewhere

(2,117), suggesting that thiol-terminated SAMs promote nonspecific complex binding.
However, complex immobilization was statistically lower when the sulfo-SMCC crosslinker was
added to the surface (p < 0.001), again providing evidence for lowered binding for covalently

tethered complexes.
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Figure 5-7 Heterobifunctional crosslinking of PEI-DNA complexes to thiol-terminated SAMs
via sulfo-SMCC schematic.

Transfection was only observed for conditions with nonspecifically immobilized
complexes (Figure 5-8B) and is similar to reported levels (2, Chapters 4 and 6), even though the

amount of complexes bound was high. Once again, transfection by these nonspecifically
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immobilized complexes was higher from surfaces containing EG groups (60% OS8SH).
Transfection levels on all SAMs to which the sulfo-SMCC crosslinker was added were zero,
indicating that complexes were not available or viable for transfection. The addition of sulfo-
SMCC would be expected to couple the complexes to the surfaces, which would then make them
not available for internalization by cells, and would thus further validate our system’s ability to

tether complexes. The amines of the PEI within the complexes could be activated by the
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Figure 5-8 Sulfo-SMCC crosslinking of complexes on SAMs. The amount of immobilized
radiolableled DNA was determined for SAMs with decreasing percentages of thiol (O8SH)
groups in a background of EG (A) in the presence or absence of the crosslinker. Transfection was
assayed from the same conditions (B). All values are reported as the mean + s.d. (Columns
labeled with same letter designate conditions not statistically different; all other comparisons, p
< 0.001 for (A)).

addition of the NHS-containing crosslinker, but that in turn could be prohibiting successful
cellular internalization and/or transfection. Furthermore, the activated complexes may not have

been able to tether to the SAMs, as the O8SH monolayers are prepared from a dithiol, which

could loop onto the gold substrate, where both thiol termini bond to the gold substrate or the
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molecule itself lies flat on the surface (176). While there is little evidence of looping (169,170),

the O8SH surface may need to be reduced to ensure the SH groups are reactive (168) in future

studies.

5.3.4 Cleavable heterobifunctional crosslinking

AEDP, a cleavable, heterobifunctional crosslinker, was also used to tether complexes to
SAMs (Figure 5-9). AEDP contains an amine on one end and a carboxylic acid group on the
other end and can be used with EDC/NHSS chemistry to conjugate with amines on PEI of the
complexes and COOH-terminated SAMs. The disulfide cross-bridge of AEDP can be cleaved
using disulfide reducing agents like DTT to test the ability of a short degradable crosslinker,
analogous to direct coupling with EDC/NHSS, to affect transfection of immobilized complexes.

Complex binding, in the presence or absence of AEDP with EDC/NHSS, was robust
(Figure 5-10A), with binding densities similar to previous studies with presumed covalent
tethering (Figure 5-2A in this chapter) or nonspecific binding of PEI-DNA complexes (2,
Chapter 6). For surfaces with only COOH-terminated alkanethiols, there was no difference in
binding between complexes nonspecifically immobilized in the presence of AEDP only (control
conditions) and complexes presumably covalently tethered with the addition of EDC/NHSS to
the AEDP crosslinker. For surfaces containing both COOH- and EG-terminated alkanethiols,
complex binding was statistically lower in the presence of AEDP with EDC/NHSS (p < 0.01),
again demonstrating lower binding for covalently tethered complexes, especially in the presence
of the EG- thiols. One might expect that the presence of the EG groups within the SAM could

separate the COOH groups, providing less contacts between the surface and the complexes and
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Figure 5-9 Heterobifunctional crosslinking of PEI-DNA complexes to COOH/EG SAMs via
cleavable AEDP.

thus lowering the amount of DNA immobilized. However, for all conditions the addition of
DTT, which should cleave the disulfide linkage within AEDP, did not affect complex binding.
The inability of DTT to cleave the bond, which would be expected to be reflected in lowered
DNA binding densities, could indicate that complexes were not successfully tethered.
Alternatively, if the disulfide bond was at all hindered, DTT might not effectively cleave the

bond. Furthermore, DTT may have been able to cleave the bond, but complexes may have
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immediately rebound to the SAMs through nonspecific interactions, which have been prevalent

throughout these studies.
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Figure 5-10 AEDP crosslinking of complexes on SAMs. The amount of immobilized
radiolableled DNA was determined for SAMs with increasing percentages of COOH (MUA)
groups in a background of EG (A) in the presence or absence of the coupling reagents
(EDC/NHSS), both without and with the addition of DTT to cleave the disulfide bridge.
Transfection was assayed from the same conditions (B). All values are reported as the mean +
s.d. (Columns labeled with same letter designate conditions not statistically different; all other
comparisons, p < 0.01 for (B)).

Transfection levels did not correspond to complex binding efficiencies (Figure 5-10B).
Transfection was only observed in the two conditions where only nonspecific immobilization
was expected (60% MUA and 100% MUA with AEDP only), and was once again higher on
SAMs containing EG groups (60% MUA). Surfaces to which EDC/NHSS was added to the

AEDP crosslinker supported no transfection (p < 0.01), even though high amounts of complexes
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were immobilized, which again could indicate successful covalent tethering. The addition of
DTT would be expected to increase the level of transfection, as it would release covalently
tethered complexes, making them available for internalization by cells. However, DTT addition
to complexes resulted in lowered (60% MUA, AEDP only) or zero transfection levels. As cell
morphology was unaffected by these conditions (data not shown), the inability of DTT to cleave
complexes and increase transfection indicates a complete lack of covalent tethering, a shielding
effect of the disulfide within the crossbridge, or inactivation of the complexes by these treatment
schemes. Additionally, the cells themselves, attached to these surfaces, could prevent access of
DTT to the disulfide bond, and thus prohibit cleavage of the complexes.

Finally, a second cleavable heterobifunctional crosslinker was used to tether PEI-DNA
complexes to SAMs. Similar to sulfo-SMCC, sulfo-LC-SMPT contains a sulthydryl-reactive
end with a pyridyl disulfide derivative, while the other end is an amine reactive-NHS ester
(Figure 5-11). This crosslinker, like AEDP, contains a disulfide bridge that is cleavable using
disulfide reducing agents like DTT. PEI-DNA complexes were added to SAMs with SH-
terminated alkanethiols (O8SH), formed either homogeneously or in a background of EG-
terminated alkanethiols to prevent nonspecific binding of complexes, in the same manner as for
its analogous crosslinker, sulfo-SMCC. Complex binding densities on O8SH SAMs in the
absence of the sulfo-LC-SMPT crosslinker (Figure 5-12), were the highest ever observed by
nonspecifically immobilized complexes on any surface, higher than densities reported in this
study or elsewhere (2,117, Chapters 4 and 6), further suggesting that thiol-terminated SAMs

promote nonspecific complex binding, similar to results with sulfo-SMCC. However, unlike
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Figure 5-11 Heterobifunctional crosslinking of PEI-DNA complexes to thiol-terminated SAMs
via cleavable sulfo-LC-SMPT.

other covalent tethering strategies reported in this chapter, complex immobilization was
unaffected when the sulfo-LC-SMPT crosslinker was added to the surface. The addition of DTT,
which would be expected to cleave the disulfide bridge within sulfo-LC-SMPT and release the
complexes from the surface if they were tethered, had no effect on complex binding. While the
disulfide bridge is cleavable, it is thought to be more slowly cleaved because of the hindered
nature of the cross-bridge (175), and the inability of DTT to affect the complex binding densities
may be attributed to inappropriate cleavage times. Transfection studies were not performed for

the sulfo-LC-SMPT tethering strategy, given the extremely high complex binding densities,
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which would be expected to be highly toxic, high amounts of nonspecific binding, and lack of

statistical significance between conditions.
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Figure 5-12 Sulfo-LC-SMPT crosslinking of complexes on SAMs. The amount of immobilized
radiolableled DNA was determined for SAMs with decreasing percentages of thiol (O8SH)
groups in a background of EG in the presence or absence of the crosslinker, both without and
with the addition of DTT to cleave the disulfide bridge. All values are reported as the mean +
s.d.

5.4 Conclusions

Gene delivery has many potential applications in basic science (e.g., to study function
and regulation of gene expression and proteins), therapeutics (e.g., gene therapy to treat genetic
diseases), functional genomics (e.g., transfected cell arrays) and tissue engineering (e.g., to
present factors in tissue regeneration matrices). The substrate-mediated delivery strategy is

based on the immobilization of DNA complexes to a biomaterial or substrate that supports cell
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adhesion (82). DNA complexes can be immobilized on the substrate through specific
interactions introduced through complementary functional groups on the vector and surface or
through nonspecific interactions.

In this chapter, strategies to covalently tether PEI-DNA complexes to SAMs were
presented. Covalently tethered complexes provide an approach to extend the retention of
complexes at the surface, especially in serum-containing environments, including in vivo
conditions. These covalent tethering strategies have the potential to be translated to biomaterial
surfaces, for use in tissue engineering applications. As summarized in Table 5.1, covalent
tethering by EDC/NHSS, glutaraldehyde, sulfo-SMCC, and AEDP resulted in lower complex
binding than corresponding conditions without the addition of crosslinker. In each of these

cases, the presumed covalent tethering of complexes resulted in no transfection (Table 5.1),

Table 5-1 Summary of Tethering Strategies

Binding Transfection
Tethering with without with without Potential Problems with
Strategy crosslinker® | crosslinker® | crosslinker | crosslinker Strategy
highest on
EDC/NHSS lower same none MUA/EG inactivation of complexes
low complex binding,
Schiff base same lower N/A N/A monolayer formation issues
Glutaraldehyde lower higher none low cell death on all surfaces
highest on
Sulfo-SMCC lower much higher none SH/EG inactivation of complexes
highest on inactivation of complexes,
AEDP lower same none MUA/EG shielding of disulfide bridge
Sulfo-LC-
SMPT same much higher N/A N/A high nonspecific binding

a. Compared to conditions without crosslinker.
b. Compared to densities reported elsewhere in thesis
and literature.
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which could be evidence of successful tethering, or more probably, inactivation of the
complexes, as the addition of a reducing agent to cleavable crosslinkers (AEDP, sulfo-LC-
SMPT) did not affect complex binding densities or transfection. Additionally, hydrazide and
thiol-terminated SAMs appear to support high complex binding, which could contribute to cell
toxicity and the lack of transfection.

When EG-terminated alkanethiols were incorporated into the monolayers, initially
intended to eliminate nonspecific binding of complexes during studies where the complexes were
to be tethered, control conditions indicated that monolayers containing 40% EG resulted in
statistically greater transfection (Table 5.1). We hypothesize that the presence of EG groups in
the monolayer may better preserve complex conformation upon binding to substrates, thereby
enhancing the activity of substrate-mediated delivery of DNA complexes and this hypothesis is
explored in Chapter 6. In the covalent coupling studies presented here, the lowered binding
densities and complete lack of transfection may be evidence for tethering, verifying our system
could be the foundation for further studies. In particular, studies aimed at controlling the extent
of tethering (6), through modification of the amount of amines present within the complex (N/P
ratio) and functional groups on surface (SAM composition, crosslinker concentration and
conjugation times) will be important to modulate binding, release and transfection. However, the
release profiles, toxicity issues, inability to cleave cleavable crosslinkers and vast amounts of
nonspecific binding presented in this chapter suggest more work is needed to investigate

covalent complex tethering.
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Chapter 6

Incorporation of Polyethylene Glycol into Self-Assembled
Monolayers Enhances Substrate-Mediated Gene Delivery by
Nonspecifically- Bound Complexes

6.1 Introduction

Developing systems capable of controlled and efficient gene transfer is a fundamental
goal of biotechnology, with applications including functional genomics, gene therapy, and tissue
engineering. The primary challenge in applying gene delivery to these applications is inefficient
delivery, with extracellular and intracellular barriers both limiting the efficiency. Controlled
release systems for DNA delivery have the potential to overcome extracellular barriers that limit
gene transfer and enhance gene delivery relative to more traditional delivery methods (81).
These systems include delivery through polymeric release in which the DNA is released from a
polymer scaffold or substrate-mediated delivery, in which DNA is retained at the surface of a
substrate. Substrate-mediated delivery, also termed solid phase delivery or reverse transfection,
involves the immobilization of DNA, complexed with nonviral vectors, to a biomaterial or
substrate that supports cell adhesion (82). Cells cultured on the substrate are exposed to elevated
DNA concentrations within the local microenvironment, which enhances transfection.

DNA complexes can be immobilized on the substrate through specific or nonspecific
interactions for delivery from the surface. Specific interactions can be introduced through
complementary functional groups on the vector and surface, such as antigen-antibody or biotin-

avidin (5,6,22). Poly(L-lysine) (PLL) and polyethylenimine (PEI), modified with biotin residues,
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were complexed with DNA and bound to a neutravidin substrate (5,6), resulting in 100-fold
increased transgene expression from the immobilized complexes relative to bolus delivery of
complexes (5). Plasmid DNA or DNA complexed with cationic polymers or lipids can also
interact with substrates through non-specific mechanisms (2,45,46,117,145-147,156,157).
Polyplexes and lipoplexes non-specifically immobilized to substrates enhanced transgene
expression in both cell lines and primary human-derived cells, along with an increased cellular
viability (2) and this enhancement was dependent on both the properties of the complex and
substrate.

Surface chemistry has been shown to affect substrate-mediated delivery of non-
specifically immobilized complexes, impacting both the initial binding and also subsequent
transfection. Self-assembled monolayers (SAMs) of alkanethiols on gold were used to provide a
flexible system for regulating surface chemistry (63,148,149) to examine complex-substrate
interactions. DNA, complexed with cationic lipids, was immobilized through nonspecific
mechanisms to SAMs presenting combinations of hydrophilic and charged (COO"), hydrophilic
and uncharged (OH), and hydrophobic terminal functional groups (CHj3) (Chapter 4, 117).
Surface hydrophilicity and ionization were found to mediate both DNA complex immobilization
and transfection, but had no effect on complex release. Greatest amounts of binding and
transfection were observed on surfaces presenting charged, hydrophilic groups, suggesting that
electrostatic interactions allow for reversible interactions between the substrate and complexes
and result in efficient gene delivery (118). Hydrophobic substrates bound similar quantities of

DNA as the hydrophilic surfaces, yet transfection was significantly reduced, suggesting the
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conformation of the DNA complexes may be altered upon binding to hydrophobic surfaces and
result in low transfection levels (2,117).

However, as in traditional gene delivery approaches, further improvements are still
needed for substrate-mediated gene delivery to address issues that limit gene transfer, including
complex size stability, complex aggregation, and strong interactions between the surface and
complexes (2,22). Polyethylene glycol (PEG), which has the monomeric repeat unit [-CH,-CH;-
O]- is widely used in drug and gene delivery and has been incorporated into DNA complexes of
several cationic polymers, including polymethacrylate (177), PEI (27,178-185), PLL (186-188),
and poly(amidoamine)s (189). PEG reduces the surface charge of the complexes
(178,179,184,187), which in turn reduces cytotoxicity (178,180,184). The shielding effect of
PEG also reduces the interaction between the complex and blood components (plasma proteins
and erythrocytes) (178) and can prolong circulation of the complexes in the blood stream
(178,185). Furthermore, PEGylation can prevent salt-induced aggregation through steric
stabilization (178,179,182-184,186,187). Additionally, PEG is often used as a spacer for
targeting ligands since the shielding effect of PEG is able to decrease nonspecific interactions
with negatively charged cellular membranes, which results in reduction of nonspecific cellular
uptake (190).

While some PEGylation strategies have had no effect on transfection efficiency in vitro
(178,184,186) or in vivo (178), or even enhanced transfection (180,187), others have reported
that PEGylation resulted in poor transfection (181,182,185), presumably due to interference with
complexation (189). Further studies have probed the influence of the extent of PEGylation on

PEI-DNA complexes and have found that increasing PEG incorporated within the complex
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reduces cell binding and transfection (27,179) by more effectively shielding the surface charge of
the DNA complexes (179). However, this appears to be polymer-specific, as transfection was
enhanced with longer PEG chains conjugated to PLL (186,187), suggesting that PEG may induce
leakage of endosomal membranes, resulting in improved cytoplasmic release of DNA or
complexes.

In this chapter, SAMs of alkanethiols on gold were used to investigate substrate-mediated
transfection by non-specifically immobilized complexes on surfaces containing varying densities
of PEG functional groups. We hypothesize that rather than attach PEG to the complexes
directly, its presence in a SAM could enhance substrate-mediated transfection by conveying the
desired properties of PEG on gene delivery (reduced complex aggregation, complex size
stability), and promote interactions between the complexes and cell membrane (Chapter 5).
SAMs presenting oligo(ethylene glycol) (EG) groups (165,166) have previously been used to
resist protein adsorption according to the length of the EG chain and percent composition within
the monolayer (166,167), and are used here to modulate DNA complex adsorption for substrate-
mediated gene delivery. In our studies, EG-terminated alkanethiols were incorporated into
SAMs at concentrations that do not limit cell adhesion and combinations of EG- and COO-
terminated alkanethiols were examined for their ability to bind and release complexes and to
subsequently support transfection. Complex morphology, a factor in gene delivery, was
examined with atomic force microscopy on these surfaces. The correlation between surface
chemistry and morphology of immobilized complexes must be a design consideration for

translating substrate-mediated gene delivery to biotechnology applications.
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6.2 Material and methods

6.2.1 Gold slide preparation and monolayer self assembly

Gold-coated glass slides were prepared using e-beam evaporation (Edwards Electron
Beam Evaporator, Wilmington, MA), and consisted of a 5 nm titanium adhesion layer and 50 nm
of gold. A diamond-tipped glass cutter was used to cut the gold-coated slides into smaller pieces
that fit into standard 48-well tissue culture plates. Gold was prepared for SAM formation by
extensive washing in acetone and ethanol, with subsequent drying under a stream of nitrogen.
SAMs were formed by immersion of the clean gold substrates into 2 mM ethanolic solutions of
alkanethiols for 18 hours in the dark, under argon.

Monolayers were formed with combinations of four different alkanethiols, including 1-
decanethiol (DT10, CHs-terminated), 11-mercapto-1-undecanol (MUOH, OH-terminated), 11-
mercaptoundecanoic acid (MUA, COO’-terminated) (Aldrich, St. Louis, MO), and
HS(CH>)1(OCH,CH,;)¢OH, an oligo(ethylene glycol)-terminated alkanethiols (EG) (ProChimia,
Gdansk, Poland). Alkanethiol solutions were freshly prepared in filtered, degassed ethanol.
After monolayer formation, SAM samples were rinsed in pure ethanol and dried with nitrogen

before further use.

6.2.2 Cellular adhesion on SAMs

Cell morphology and adhesion studies were performed on SAMs with increasing
percentages of EG-terminated alkanethiols in a background of MUA, prepared as described
above. NIH/3T3 cells (ATCC; Manassas, VA), cultured at 37°C and 5% CO, in DMEM

supplemented with 1% sodium pyruvate, 1% penicillin-streptomycin, 1.5 g/LL NaHCO; and 10%
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fetal bovine serum, were seeded at a density of 15,0000 cells per SAM. Cellular morphology

and adhesion were analyzed after 24 and 48 hours using phase microscopy. Adhesion studies
were also performed on SAMs containing only EG-terminated alkanethiols, with immobilized
PEI-DNA complexes (as described below) or by coating the EG-SAMs with free PEI, at a

concentration equal to that added to complexes of various N/Ps (see below).

6.2.3 DNA complex formation

Plasmid was purified from bacteria culture using Qiagen (Valencia, CA) reagents and
stored in Tris—EDTA buffer solution (10 mM Tris, 1| mM EDTA, pH 7.4) at =20 °C. Plasmid
pEGFP-LUC encodes both the enhanced green fluorescent protein (EGFP) and firefly luciferase
protein (LUC), under the direction of a CMV promoter and was used for quantification of
binding, release, and transgene expression levels. Transfection efficiency was determined with
plasmid pBGAL, which encodes for nuclear-targeted -galactosidase, under the direction of a
CMV promoter. For DNA complex formation, branched PEI (25 kDa, Aldrich, St. Louis, MO)
was diluted in 25 mM sodium phosphate buffer, pH 6.5 and then added dropwise to DNA in
sodium phosphate buffer, vortexed for 10 seconds, and incubated for 15 min at room
temperature. Complexes were formed at N/P ratios of 10 or 25, and 3 ug of DNA (300 ul final

volume of complexes) was added to each SAM for binding, release and transfection studies.

6.2.4 Quantification of DNA complex immobilization and release

Plasmid radiolabeled with a->>P dATP was used to measure the immobilization and

release of DNA complexes on SAMs with varying amounts of EG-terminated alkanethiols in a
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MUA background. Briefly, a nick translation kit (Amersham Pharmacia Biotech; Piscataway,
NY) was used following the manufacturer’s protocol with minor modifications (6). The labeled
DNA was diluted with unlabeled DNA to a final concentration of 1% and this mixture was then
used to form DNA complexes, as described above. After SAM preparation as described above,
digital photographs of each sample were taken prior to complex immobilization and analyzed
with ImageJ (NIH) to determine the area of each surface. SAMs were activated for complex
immobilization by equilibration with 1X PBS (phosphate-buffered saline, pH 7.4) for 2 minutes,
followed by a second incubation in MilliQ water for 10 minutes. Complexes were immobilized
by incubation on these activated SAMs for 2 hours. After the deposition period, the complex
solution was removed and the SAMs were washed twice with PBS. The quantity of DNA
immobilized was determined by immersing individual SAM samples in scintillation cocktail (5
mL, BioSafe II, Research Products International Corp., Mount Prospect, IL) for measurement
with a scintillation counter. The counts were correlated to DNA mass using a standard curve.
The density of DNA immobilized to each SAM sample was determined by normalizing the
amount bound to area.

To determine the release profile, SAMs with immobilized DNA complexes were
incubated with serum-containing cell growth media at 37°C in a humid chamber. At
predetermined time points, half of the media was removed and replaced with fresh media. The
activity of the collected sample was measured in a scintillation counter. At the final time point,
the counts remaining on the SAM samples were also determined. The percentage of DNA

released was calculated as the ratio of the cumulative counts released through a given time
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divided by the total counts initially on the substrate, thus, the release curves represent the

percentage of DNA released relative to the initial amount bound to each surface.

6.2.5 Transfection on SAMs

Transfection studies were performed with NIH/3T3 cells, cultured as described above, on
SAMs with varying amounts of EG-terminated alkanethiols, in backgrounds of MUA, MUOH or
DT10, as well as SAMs containing combinations of MUA, MUOH, and DT10 only. After
complex formation and immobilization as described above, SAMs were immediately seeded with
15,000 cells in 48-well plates. Transfection was analyzed following a 48-hour culture,
characterized through the extent of transgene expression, which was quantified by measuring the
luciferase activity using the Luciferase Assay System (Promega, Madison, WI). The
luminometer (Turner Designs, Sunnyvale, CA) was set for a 3 second delay with an integration
of the signal for 10 seconds. Luciferase activity (RLU) was normalized to the total protein
amount determined with the BCA protein assay (Pierce, Rockford, IL). Transfection efficiency
was also analyzed following a 48-hour culture, characterized through the number of transfected
cells using P-galactosidase expression visualized by staining with X-gal solution followed by
imaging with a microscope (Leica; Bannockburn, IL) equipped with a color filter. The number
of transfected cells was determined by counting 5 random fields on each SAM. The percentage
of transfected cells was calculated as the ratio of the number of transfected cells divided by total

cell number, determined by manual counting of phase images.
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6.2.6 Atomic force microscopy of immobilized complexes

Atomic force microscopy (AFM) was used to examine complex morphology. SAMs for
AFM studies were prepared on gold-coated mica substrates (150 nm of gold, Agilent
Technologies AFM, Tempe, AZ). SAM formation and complex formation and immobilization
were performed as described above. After immobilization, surfaces were rinsed with 1X PBS, as
described above, with two additional washes in MilliQ water, to remove any traces of salt on the
surface. Samples were allowed to dry in air before imaging. AFM experiments were carried out
with a DI Multimode AFM (Digital Instruments, Houston, TX) with a Type J scanner controlled
with a NanoScope Illa controller (Digital Instruments). Images were collected in air at room
temperature using contact AFM. Silicon nitride cantilevers (Veeco, Santa Barbara, CA) with a
spring constant of 0.12 N/m were used for collection of all images. Images were collected at 256
X 256 pixel resolution at a scan rate of <2 Hz. Initial image collection utilized the DI software,
NanoScope 5.03, version rl (Digital Instruments) and images were filtered using a flattening
analysis, and then further analyzed by WSxM, version 3.0 (Nanotec Electronica, Madrid, Spain)
to generate height profiles, and compare surface roughness using root-mean-square (RMS)
calculations. Area-perimeter ratios analysis was performed with a height cut off of 40 nm (for
0% EG, N/P 10 and 40% EG, N/P 25 conditions) in regions with large globular particles and 7
nm and 15 nm (0% EG, N/P 10 and 40% EG, N/P 25, respectively) in regions without these large
globular structures, which resulted in a range of ratios reported for these two conditions. For
area-perimeter analysis on all other images (40% EG, N/P 10 and 0% EG, N/P 25), the height cut

off used was 7 nm.
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6.2.7 Statistics

Statistical analysis was performed using JMP software (SAS Institute, Inc., Cary, NC).
Comparative analyses were completed using one-way ANOVA with Tukey post-tests, at a 95%
confidence level. Mean values with standard deviation are reported and all experiments were

performed with a minimum sample size of three, in replicates.

6.3 Results and discussion

6.3.1 Cell adhesion on EG SAMs

The maximal amount of EG that could be incorporated into the monolayer without
sacrificing cell morphology and adhesion (Figure 6-1) was initially determined. Cells were
seeded on SAMs with increasing percentages of EG-terminated alkanethiols in a background of
MUA (COO"). A monolayer containing no EG thiols resulted in a robust cell monolayer (Figure
6-1A), similar to previous results on COO -terminated SAMs (70,71). Increasing the percentage
of EG groups to 40% (Figure 6-1B, 20% EG; Figure 6-1C, 40% EG) did not appreciably affect
the cell morphology or the cell monolayer. Increasing the EG groups to 60% or more (Figure 6-
1D, E) altered the cell morphology and produced a more sporadic cell distribution on the surface.
A SAM consisting of only EG groups (Figure 6-1F) had no cells attached, which is expected due
to the resistance of the surface to protein adsorption (166,167), that would be needed to support
cellular adhesion. A complete elimination of cellular adhesion on SAMs containing 100% EG

thiols indicates the robustness of the monolayers formed.
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Figure 6-1 Cell adhesion on EG-containing SAMs. Images were captured 48 hours after seeding
cells on SAMs (A) 0% EG/100% COQO', (B) 20% EG/80% COO', (C) 40% EG/60% COO’, (D)
60% EG/40% COO, (E) 80% EG/20% COO’, and (F) 100% EG, all lacking immobilized DNA

complexes. Scale bars correspond to 100 pum.

6.3.2 Quantification of complex immobilization

SAMs with varying densities of EG groups, in a background of MUA (COQO") were
subsequently employed to investigate the non-specific immobilization of complexes. The
amount of DNA immobilized to the surfaces did not vary with monolayer composition (Figure 6-
2), but was affected by the N/P ratio (Figure 6-2). For an N/P of 10 (Figure 6-2A), binding
averaged approximately 0.35 pg/cm’, whereas complexes at N/P of 25 averaged higher binding
densities, approximately 0.5 ug/cm2 (Figure 6-2B). These amounts are similar to, or much

greater than previous reports of lipoplexes binding to SAMs (117,118, Chapter 4), but are
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consistent with binding densities for PEI-DNA complexes on hydrophilic, serum-coated
polystyrene substrates (2).

Previous studies suggest that nonspecific DNA complex adsorption is mediated by at
least two mechanisms: electrostatic and hydrophobic interactions (Chapter 4, 117). Increasing
the density of charged functional groups (COO") in a background of uncharged groups (OH)
increased complex immobilization, suggesting that electrostatic interactions play a major role in
binding (117). However, in this study, by decreasing the EG groups, and thus increasing the
COOQO" background, no differences in binding were observed. The larger EG headgroups could be
shielding the presentation of the COO™ groups, similar to the shielding observed when PEG is
incorporated into DNA-polymer complexes (179). Shielding by the EG groups within the SAM
could limit the electrostatic interactions between the carboxylic acids groups within the SAM
and complexes and thus reduce the effect of charged functional groups on binding. Additionally,
free PEI in the complex solution, which would be more abundant at an N/P of 25, could be
binding to the SAM and changing the surface properties, eliminating differences between
surfaces. Although these EG-modified SAMs have substantially reduced protein adsorption
(166,167), presumably through steric stabilization and excluded volume, they still adsorb serum
proteins (191,192) and complexes may bind either to the adsorbed proteins or to the sites that

mediate protein adsorption.

6.3.3 Quantification of complex release

Release studies were subsequently used to investigate the stability of the interaction

between the complexes and surface (Figure 6-3). Similar to previous studies on SAMs (Chapter
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Figure 6-2 DNA complex immobilization on EG-containing SAMs. The amount of immobilized
radiolableled DNA was determined for SAMs with increasing percentages of EG groups in a
background of MUA (COQ), for complexes formed at N/P of 10 (A) and 25 (B). Values are
reported as the mean =+ s.d.



126

4, 117,118), release rates and total amount of DNA complexes released from SAMs was
independent of surface chemistry (Figure 6-3). For both N/P of 10 (Figure 6-3A) and 25 (Figure
6-3B), most of the DNA release occurred by 24 hours. After 8 days, less than 30% of the
complexes were released, regardless of the composition of the SAM or complex. These release
rates are substantially lower than profiles previously determined for lipoplexes from SAMs
(Chapter 4, 117), but similar to release curves obtained from PEI-DNA complexes on
hydrophilic, serum-coated polystyrene substrates (2). The presence of serum in the release
media significantly enhances the release of non-specifically immobilized complexes relative to
incubation with PBS (2). Our finding that release is independent of surface chemistry, both in
this study and in previous reports (Chapter 4, 117), suggests that complex release from the
substrate is mediated by competitive binding of serum components to the EG-containing SAMs,

which can adsorb significant amounts of serum proteins (191).

6.3.4 Transfection on SAMS on gold

6.3.4.1 Transgene expression

SAMs with various densities of EG-terminated alkanethiols were explored to examine the
ability of PEG on a surface to affect substrate-mediated gene delivery. While binding and
release were not affected by the EG in the surface, expression levels increased with the
percentage of EG alkanethiols in the SAM (Figure 6-4) up to 40% EG. For the lower N/P
(Figure 6-4A), expression was significantly greater on 40% EG SAMs than surfaces containing

no EG alkanethiols (p < 0.05) or surfaces containing only EG alkanethiols (p < 0.01); the latter
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Figure 6-3 EG-containing SAMs and release. Radiolabeled DNA was used to quantify the
amount of DNA released from each type of SAM (e 0% EG, m 20% EG, A 40% EG, o 100%
EQG) into serum-containing media. Complexes formed at N/P 10 (A) and 25 (B). Values are
reported as cumulative percentage released, reported as the mean =+ s.d. at each time point.



128
observation presumably due to low cell binding. For complexes at the high N/P (Figure 6-4B),

transfection was again significantly greater on SAMs containing 40% EG than surfaces with no
EG (p < 0.05), however transfection was not statistically different between the 40% EG
condition and SAMs with only EG alkanethiols, suggesting both significant cell adhesion and
subsequent transfection on these surfaces. This issue of cell adhesion to complexes immobilized
on EG-terminated alkanethiols is discussed in the next section. These findings, that increasing
the percentage of EG groups, and thus decreasing the percentage of carboxylic acid groups
increases transfection, are in contrast to previous studies, where surfaces with 100% carboxylic
acid functional groups resulted in highest transfection levels, presumably due to high binding
efficiencies (Chapter 4, 117). However, in the present study, the presence of EG in the surface
did not affect complex immobilization, and therefore the amount of DNA bound did not
contribute to enhanced transfection.

EG groups on the surface may enhance transfection through multiple mechanisms,
including PEG-complex and PEG-cell interactions. PEG incorporated into DNA complexes of
cationic polymers can reduce their surface charge (178,179,184,187), cytotoxicity (178,180,184),
and interaction with blood components (178), as well as prevent aggregation through steric
stabilization (178,179,182-184,186,187). Because of its ability to modulate the properties of
complexes, PEG has been reported to enhance transfection when attached to polymer-DNA
complexes directly (27,180,186,187) or simply added to transfection media containing lipoplexes
(193). The enhancement of transfection by EG-containing SAMs could be attributed to the
possible modulation of complex properties (surface charge, aggregation, complex-cell

interaction), similar to the effects of PEG with soluble complexes, by mere association of the EG
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Figure 6-4 EG-containing SAMs and substrate-mediated transfection. SAMs were formed with
increasing percentages of EG groups in a background of MUA (COQ") and transfection was
assayed for complexes formed at N/P of 10 (A) and 25 (B) by normalizing luciferase levels to
total protein amounts. Values are reported as the mean = s.d. (*p < 0.05, **p < 0.01).
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groups with the complexes on the surface. Similarly, the addition of Pluronic, a block co-
polymer of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide), to microfluidic
channels used for deposition of DNA complexes, enhanced substrate-mediated transfection
within these channels possibly by preventing aggregation or enhancing complex association with
the cells (157).

However, the association of the cell membrane with the SAMs containing EG groups
could also contribute to an enhancement of transfection. PEG is known to induce association
and fusion of phospholipid vesicles at high concentrations (194), widely used in the cell fusion
required for formation of hybridomas. PEG, when added to transfection media of lipoplexes has
been shown to increase the association of lipoplexes with the cell membrane up to 100 fold over
controls without PEG (193). This enhanced association could occur through a depletion effect,
which produces an attractive osmotic force due to a polymer depleted layer near the bilayer
surface (193). Thus, EG groups on the surface of the SAMs may promote association of the
DNA complexes with the cell membranes.

By incorporating PEG groups onto the SAM surface, complex properties and transfection
can be enhanced, but the EG groups can not interfere with complexation. PEGylation of the
polymer prior to DNA association can interfere with complexation (189), which can reduce
transfection (181,182,185). Furthermore, in typical PEGylation strategies, the surface charge of
polymer-DNA complexes decreases due to the shielding effect of PEG (179), with PEG side
chains covering the surface of complexes and hindering the interaction between the complex and
cell membrane. However, with EG present on the surface, complexes can be formed with the

traditional procedures for subsequent immobilization. The presence of the EG groups on the
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surface should not interfere with cellular association of the complexes as previously reported
(27,179), as the charge of the complexes would be unaffected by immobilization on EG-

containing SAMs.

6.3.4.2 Cell adhesion on immobilized complexes

For complexes at the high N/P (Figure 6-4B), high transfection levels on SAMs with only
EG alkanethiols suggest cell adhesion on these surfaces, which had resisted cell adhesion
previously (Figure 6-1) and was expected to resist protein adsorption (166,167). However,
adhesion studies on SAMs containing only EG alkanethiols (100% EG) with immobilized
complexes or PEI alone demonstrate significant cell adhesion (Figure 6-5). PEI added alone at
concentrations equivalent to N/P 10 (Figure 6-5A) or N/P 25 (Figure 6-5B) promoted cell
adhesion, though cell monolayers were not as robust as those on surfaces with less EG
alkanethiols and no PEI (Figure 6-1). DNA complexes were also able to enhance cell adhesion,
at N/P 10 (Figure 6-5C) and N/P 25 (Figure 6-5D). For high N/P, protein levels determined on
the surface were low, indicating low cell numbers. Correspondingly low luciferase levels (data
not shown), normalized to these low protein levels, result in robust transfection levels, and could
give the appearance of enhancement of transfection on 100% EG surfaces (Figure 6-4B).

As complexes bind to surfaces through mechanisms similar to proteins (82,117), their
binding on surfaces containing PEG groups would also be expected to be reduced. However,
binding studies reveal that increasing the percentage of EG groups on the surface did not affect
the amount of DNA complex immobilization (Figure 6-2). The relatively high contact angles

reported for EG-containing SAMs are consistent with an outer phase that exposes CH, groups to
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Figure 6-5 Cell adhesion on complexes immobilized on EG-containing SAMs. The morphology
and adhesion of cells was observed 48 hours after seeding cells on SAMs of (A) 100% EG with

PEI concentration equivalent to N/P 10, (B) 100% EG with PEI concentration equivalent to N/P
25, (C) 100% EG with PEI-DNA complexes formed at N/P 10 and (D) 100% EG with PEI-DNA

complexes formed at N/P. Scale bars correspond to 100 um.

solution (165). PEG, while known as a hydrophilic polymer, is truly amphiphilic, with both
hydrophilic and hydrophobic components, and this combination of properties is a key to its
biocompatibility (195). PEI molecules contain ethylene units along the backbone, and thus
hydrophobic interactions could allow for immobilization of PEI-DNA complexes on EG-
containing SAMs, similar to reports of DNA complex binding through hydrophobic interactions
(115,117). By binding to the SAMs containing EG alkanethiols, PEI-DNA complexes or free
PEI could coat the surface, producing substrates with net positive charge, which could allow for

protein immobilization through electrostatic interactions (153), and subsequent cell adhesion.
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This hypothesis agrees well with our transfection results, as complexes at high N/P (25) would
have much more free PEI in solution than complexes at low N/P, which could further coat the

surface and promote cell adhesion and thus transfection.

6.3.4.3. Transfection efficiency on SAMs

Transfection efficiency, reported as a percentage of transfected cells, was subsequently
quantified for complexes immobilized on EG-containing SAMs (Figure 6-6). [3-galactosidase
expression was assayed at 48 hours using phase microscopy. For both N/P ratios, the
transfection efficiency increased as the percentage of EG groups within the SAMs increased,
similar to the trend observed with the transfection levels. However, for both complex
formulations, SAMs containing only EG groups resulted in the highest percentage of transfected
cells. Atlow N/P (Figure 6-6A), the transfection efficiency on 100% EG SAMs was statistically
greater than surfaces containing 20% (p < 0.05) or no EG groups (p < 0.01). Additionally, 40%
EG SAMs resulted in statistically greater transfection efficiency than 0% EG (p <0 .05). For N/P
of 25 (Figure 6-6B), 100% EG SAMs supported the highest transfection efficiency, though the
standard deviation was large and statistical tests did not indicate significant differences.

The transfection efficiency data indicate that more cells are transfected on surfaces
containing more EG groups, but do not reflect that total cell numbers were reduced on the 100%
EG SAMs. No trend could be determined between number of cells on surface (indirectly
measured by BCA assay) and percentage of EG in monolayer with immobilized complexes (data
not shown). For N/P 10, cell numbers were similar for all percentages of EG, but slightly higher

for SAMs containing 20 and 100% PEG. For N/P of 25, cell numbers are nearly identical for all
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Figure 6-6 EG-containing SAMs and transfection efficiency. SAMs were formed with
increasing percentages of EG groups in a background of MUA (COQO’) and transfection
efficiency was assayed for complexes formed at N/P of 10 (A) and 25 (B) by counting the
number of cell expressing -galactosidase and dividing by the total number of cells. Values are
reported as the mean + s.d. (*p < 0.05, **p < 0.01).
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SAMs, except much lower for 100% EG (data not shown), consistent with our transfection
efficiency results, which demonstrate few cells adhered (data not shown). Those cells that did
adhere to these surfaces (100% EG, N/P 25) were more likely to be transfected than in the
corresponding N/P 10 condition, resulting in huge variability in transfection efficiency evidenced

by the large standard deviation (Figure 6-6B).

6.3.4.4. Transfection enhancement specificity

SAMs containing combinations of alkanethiols with alternative functional groups were
used to determine if the enhancement in transfection was specific to surfaces containing EG and
COOQO' groups (Figure 6-7). Alternative functional groups included OH and CH3 in backgrounds
of 40% EG (Figures 6-7A and 6-7B) and 60% COO" (Figures 6-7C and 6-7D), as these
compositions provide maximal expression levels and transfection efficiency with optimal cell
adhesion and morphology. For complexes with N/P of 10 (Figures 6-7A and 6-7C), surfaces
containing the combination of 40% EG and 60% COOQO" groups resulted in statistically higher
transfection than surfaces containing OH or CH3 groups in background of EG (p < 0.05) or COO
(p < 0.01). On SAMs with a background of 40% EG, complexes with the higher N/P of 25
(Figures 6-7B) resulted in statistically higher transfection (p < 0.05) on surfaces with either
hydrophilic functional group (COO™ or OH). However, transfection by complexes with N/P 25
on SAMs with 60% COO" background (Figure 6-7D) was statistically greater on surfaces with
40% EG, than SAMs with 40% OH (p < 0.05) or CH3 (p <0.01).

Therefore, for complexes with low N/P, highest transgene expression occurs on SAMs

with combinations of EG groups and carboxylic acids, which could indicate that charged
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functional groups contribute important properties within the monolayer, presumably providing
reversible interactions between the substrate and complex that can also enhance transfection,
similar to previous reports (Chapter 4, 117). For complexes with high N/P, expression levels
were highest on SAMs containing EG groups in addition to hydrophilic functional groups (COO
or OH). However, for a background of COQO’, the enhancement in transfection is more
pronounced with EG groups, again indicating the importance of the secondary alkanethiols

within the SAMs containing EG groups.

6.3.5 Atomic force microscopy imaging of immobilized complexes

The enhancement in transfection levels and efficiency on SAMs containing EG groups
cannot be attributed to binding densities of complexes or release profiles, thus the morphology of
the complexes was examined using atomic force microscopy (AFM). AFM has proven to be an
excellent tool to image soft biological structures and can be performed after complex deposition
on a surface, with high resolution. AFM images were obtained by scanning small areas of SAMs
with immobilized complexes and representative images (Figure 6-8A,C,E,G) revealed the
morphology of PEI-DNA complexes on SAMs containing 0% EG (100% COO") (Figures 6-8A
and 6-8E) and 40% EG (60% COOQO") (Figures 6-8C and 6-8G). On surfaces with no EG groups,
complexes formed at N/P of 10 (Figure 6-8A) exhibited large globular structures with varying
heights (indicated by light intensity of image) and diameters, along with smaller structures
throughout the background of the image. Further analysis of the height distribution of these

complexes (Figure 6-8B) reveals a rather large distribution of particles, with average heights of
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Figure 6-7 Substrate-mediated transfection on SAMs with backgrounds of EG and COO". SAMs
were formed with alkanethiols containing various terminal functional groups, including OH,
CHs;, EG and COQ, in backgrounds of 40% EG (A and B) and 60% COO" (C and D).
Transfection was assayed for complexes formed at N/P of 10 (A and C) and 25 (B and D) by
normalizing luciferase levels to total protein amounts. Values are reported as the mean £ s.d. (*p
< 0.05, **p < 0.01).
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20 nm (Table 6-1), with a mean roughness of 12 nm (Table 6-1) and area-perimeter ratios
ranging from 337 to 1270 nm (Table 6-1), depending on the region of the image analyzed
(regions of large globular structures versus regions with smaller, more uniform particles). All
data analysis reported in Table 6-1 is for the images presented (Figure 6-8), but is representative
of the entire surface. In contrast, complexes (N/P 10) on SAMs containing 40% EG (60% COQO")
(Figure 6-8C) had a very uniform morphology of small spherical particles evenly distributed
across the surface. Analysis of the representative AFM image resulted in a narrow height
distribution (Figure 6-8D), with average heights of 8 nm, mean roughness of 5 nm, and area-
perimeter ratio of 100 nm (Table 6-1). These values are all much lower than for the 0% EG
condition, indicating smaller, more uniform complexes on surfaces containing EG groups, which
in turn resulted in higher transfection levels.

For complexes formed at N/P of 25, the correlation between complex morphology and
surface chemistry was reversed. On SAMs containing no EG-terminated alkanethiols (Figure 6-
8E), complexes exhibited a uniform morphology of small particles evenly distributed across the
surface. Analysis of the representative AFM image resulted in a narrow height distribution
(Figure 6-8F), with average heights of 8 nm, mean roughness of 2 nm, and area-perimeter ratio
of 72 nm (Table 6-1), similar to complexes with N/P 10 on surfaces containing 40% EG (Figure
6-8C). In contrast, complexes (N/P 25) on surfaces with 40% EG (60% COO") (Figure 6-8G)
exhibited large aggregates of globular structures with varying heights and diameters. Further
analysis of the height distribution of these complexes (Figure 6-8H) reveals a rather large
distribution of particles with two main populations of complexes, with average heights of 32 nm,

with a mean roughness of 12 nm and area-perimeter ratios ranging from 196 to 355 nm (Table 6-
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Figure 6-8 AFM images and analysis of complexes immobilized on SAMs. Complexes were
formed at N/P of 10 (A-D) and N/P 25 (E-H) and immobilized on SAMs formed with 0%
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EG/100% COO" (A, B, E, F) or 40% EG/60% COO" (C, D, G, H). Pixel brightness in images (A,
C, E, G) corresponds to particle height. Scale bars correspond to 1.0 um. Height analysis
histogram (B, D, F, H) reports analysis of image to left.

1), depending on the region analyzed. These values are higher than for the corresponding 0%
EG condition, indicating smaller, more uniform complexes on surfaces containing no EG groups,
but which resulted in lower transfection levels.

Previous studies examining complexes using AFM, typically on mica substrates, reported
complex morphologies similar to the results presented here. PEI-DNA complexes had a disperse
distribution of condensates with rounded, globular forms (196,197). PEGylated PEI-DNA
complexes analyzed by AFM had defined, spherical complexes (183-185) with less aggregation
and smaller diameters than similar complexes without PEG, but were also demonstrated to be

less uniform.

Table 6-1 AFM Analysis of PEI-DNA Complexes on SAMs

Area-perimeter

Surface  Complex N/P  Mean Height* (nm) RMS Roughness® (nm) ratio® (nm)
0% EG 10 20 12 337 -1270
40% EG 10 8 5 100
0% EG 25 8 2 72
40% EG 25 32 12 196 - 355

a. Mean height of Figure 8 histograms.

b. Root-mean-square roughness of Figure 8
images.

c. Area-perimeter ratio of Figure 8 images, ranges
specify different regions of analysis.

In the AFM images and analysis of PEI-DNA complexes formed at a N/P of 10, the

presence of EG groups on the SAM reduced the average height, area-perimeter ratio, and thus
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size of complexes (Figure 6-8C vs. 6-8A), presumably by decreasing the aggregation of the

complexes on the surfaces, similar to studies that have demonstrated that PEGylation of
polymer-DNA complexes can prevent salt-induced aggregation (178,179,182,187), to produce
discrete particles with similar appearance with AFM (183,184,186). Alternatively, treatment of
microfluidic channels with Pluronic has also demonstrated lower aggregation of complexes,
evidenced by a homogeneous layer of deposited lipoplexes (157). This change in complex
morphology on SAMs containing EG terminal functional groups correlates with high
transfection levels and transfection efficiencies and could indicate the ability of EG-containing
SAMs to preserve complex morphology upon binding, by limiting electrostatic interactions with
the surface and reducing aggregation of the complexes through steric stabilization, or
alternatively by preventing complex unfolding, which could also contribute to the large height
and area-perimeter ratios of the complexes immobilized on surfaces without EG.

However, in the AFM images and analysis of PEI-DNA complexes formed at N/P of 25
(Figure 6-8E and 6-8F), the presence of EG groups on the SAM appears to cause aggregation of
complexes, in small clumps of particles, which also enhances transfection. The formation of
these aggregates, which are morphologically different from the large, disperse globules observed
for complexes of N/P of 10 on 0% EG SAMs, as well as the monodisperse smaller N/P 25
complexes on 0% EG SAMs, could be attributed to excess free PEI in the N/P 25 complexes,
resulting in a layer of PEI on the surface prior to complex immobilization, which could alter the
conformation of the complexes. Alternatively, these large aggregates could also be attributed, in
part, to evaporation, which can cause artifactual aggregation induced by the receding meniscus

during drying (198). Taken together, these AFM studies demonstrate how the design of both the
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surface and vector contribute to the morphology of immobilized complexes and how that, in turn

can affect substrate-mediated transfection.

6.4 Conclusions

Substrate-mediated delivery describes the immobilization of DNA, complexed with
cationic lipids or polymers, to a biomaterial or substrate. Efficient delivery of DNA complexes
from a surface is dependent on the interactions between the substrate and the complexes. SAMs
presenting oligo(ethylene glycol) (EG) groups were used to investigate surfaces containing PEG-
like moieties for complex binding, release, transfection and morphology. Nonspecific complex
immobilization to SAMs containing combinations of EG- and COO™- terminated alkanethiols
resulted in substantially greater transfection, which increased with increasing amounts of EG in
the monolayer. These significant differences in transfection levels and efficiency on SAMs
containing EG groups could not be attributed to binding densities of complexes or release
profiles, nor could they be replicated in SAMs composed of EG-terminated alkanethiols
combined with alkanethiols presenting other functional groups. The enhancement of transfection
by EG-containing SAMs could be attributed to the possible modulation of complex properties
(surface charge, aggregation, complex-cell interaction) by mere association of the EG groups
with the complexes on the surface. Atomic force microscopy imaging of immobilized
complexes supports this hypothesis, revealing smaller complexes with reduced aggregation, for
condensates formed at low N/P ratios on EG-containing SAMs. This complex morphology
correlates with high transfection levels and transfection efficiencies and could indicate the ability

of EG-containing SAMs to preserve complex morphology upon binding, by limiting electrostatic
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interactions with the surface and reducing aggregation of the complexes through steric
stabilization. Furthermore, the association of the cell membrane with the SAMs containing EG
groups could also contribute to an enhancement of transfection. The ability to control the
morphology of the immobilized complexes and thus influence transfection levels could be
translated to scaffolds for gene delivery in tissue engineering applications (81,82) , as well as
other applications of substrate-mediated gene delivery, including transfected cell arrays (Chapter

7, (199).
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Chapter 7

Bioluminescence Imaging for Assessment and Normalization in
Transfected Cell Arrays

7.1 Introduction

Analysis of multiple pathways or genes in a parallel format can be achieved using a
transfected cell array, a high throughput technique to correlate gene expression with functional
cell responses, based on gene delivery from a substrate that supports cell adhesion (2,5,6,117).
While traditional microarrays can quantify the expression level of thousands of genes, they
cannot accurately describe the functional activity of these genes in a cellular and physiological
context (96). Transfected cell arrays present a powerful approach to study gene function in the
context of a living cell, allowing proteins to be translated and folded correctly and to interact
within the environment of the cell. Additionally, a large number of genes can be potentially
screened in parallel for induction or repression of a given function (98). Transfected cell arrays
offer compact, economical, and high-throughput analysis in living cells that provides greater
consistency across assays and facilitates comparisons between conditions, while reducing the
amount of reagents and cell numbers required, which is an important factor for difficult to
prepare cell types (97,98).

Since the original report on transfected cell arrays (95), reverse transfection has been
employed in several high-throughput cell based microarrays to screen for gene function or
activity. Reverse transfection involves printing mixtures of different plasmids and gelatin into

specific domains onto a substrate. A lipid-based transfection agent is then floated over the array,
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and cells are subsequently seeded to form a living cell microarray of locally transfected cells in a
lawn of nontransfected cells. The first transfected cell array was used to analyze genes for
phosphotyrosine activity and identified six genes; five genes that encode known tyrosine kinase
proteins and one that encodes a protein of unknown function (95). Transfected cell arrays have
since been applied to study signaling pathways (100), screen antibody fragments (101), identify
possible new lysophosphatidic acid receptors (102), perform protein localization studies
(103,104), screen for proapoptotic genes (105,106), and annotate protein function (107). The
transfected cell array has also been adapted to high-throughput RNAi studies (108), specifically
for the analysis of spindle formation (109), secretory pathways (110), and chromosome
segregation and nuclear structure in a time-lapse system (111).

Technological improvements have enhanced the capabilities of the arrays, yet further
advancements are required for widespread application of this system. Most efforts have focused
on increasing transfection efficiency within the array by using preformed complexes (101,107-
110,112,114,115,117), incorporating fibronectin (112), atelocollagen (113), and recombinant
proteins (114) with plasmid or DNA complexes, manipulating substrate hydrophobicity (115), or
coating cationic polymer and collagen onto surfaces prior to transfection (116). Micropatterning
strategies have also been used to fabricate arrays with improved transfection, using self-
assembled monolayers to pattern DNA (Chapter 4, 117,118) or siRNA (119) complex
immobilization on gold slides or electrodes (120,121). Arrays have been formed with
dendrimers (123) and viral vectors (59,125,126) for enhanced gene delivery, magnetic beads
(124) or hydrogels (122) to localize cells and vectors, and for alternative cell types, including

Drosophila (127) and non-adherent cells (128). Further improvements are needed to
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accommodate issues with transfection efficiency, spot-to-spot variability, normalization, post-
transfection processing, sensitivity, image acquisition and quantification, cell types that are
difficult to transfect, as well as to expand the biological endpoints.

In this chapter, we combine a two-plasmid system and dual-bioluminescence imaging
(200-202) to quantify array output, normalize for variability in transfection efficiency, and
address sensitivity concerns to overcome known shortcomings of the transfected cell arrays. Soft
lithography principles (74) were used to create the transfected cell array, in which a rubber mold
was used to confine deposition of preformed DNA complexes to designated regions of the
substrate and pattern transfection upon cell seeding. Larger spot sizes were employed in the
array to provide sufficient numbers of transfected cells and increase the reliability and statistical
relevance of quantitative data obtained from each spot (107,119). To account for inherent
variances in transfection between spots, transfection efficiency and protein production were
normalized with the addition of a second plasmid within all spots of the array, encoding renilla
luciferase driven by a constitutive promoter, in addition to a primary regulated plasmid reporting
on the activation of a transcription factor through firefly luciferase expression. Bioluminescence
imaging of the two luciferase reporters allows for quick image acquisition with no post-
transfection processing.

We illustrate the utility of the array to quantitatively assay for the activity of a
transcription factor in response to various activators or inhibitors. The estrogen receptor o (ERa)
pathway in ER-positive, estrogen-responsive breast cancer cells was analyzed in an array format,
using an ERE-regulated promoter reporter system. ERa expression is an important biomarker

for determining treatment course for clinical breast cancer (138,139). Estrogens, via ERa, act as
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potent mitogens of ER-positive breast cancer (140). In our plasmid system, the ER-regulated
promoter directs firefly luciferase expression in response to transcriptional activation by 17p-
estradiol (E;)-bound ERa. Bioluminescence imaging was employed to quantify luciferase-based
light emission resulting from the ER-regulated and normalization plasmids. The array can thus
be employed to analyze the induction and inhibition of the transcription factors, which could be
used in a high throughput format to elucidate gene function and cellular pathways responsible for

diseases (96-98).

7.2 Material and methods

7.2.1 Cells

All studies used ER-positive MCF-7/WS8 mammary carcinoma cells, clonally derived
from MCF-7 cells by selection for sensitivity to growth simulation by E; (203,204). Cells were
cultured in fully estrogenized, phenol red-containing RPMI-1640 media supplemented with 10%
fetal bovine serum (FBS), 100 uM non-essential amino acids, 100 units antibiotic/antimycotic, 2
mM L-glutamine, and 6 ng/ml insulin and maintained at 37°C in a humidified 5% CO,
atmosphere. Prior to transfecting cells for an experiment, cells were cultured under estrogen-free
conditions by substituting phenol red-free RPMI-1640 and dextran-coated charcoal-treated fetal
bovine serum in the medium. For experiments in which transfected cells were assayed in 24-
well plates using a luminometer, or imaged in arrays using a CCD camera, cells were cultured
under estrogen-free condition for 4 days or 18 h, respectively, prior to seeding. All media and

media components were purchased from GIBCO/Invitrogen (Carlsbad, CA).
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7.2.2 Plasmids

Plasmids were purified from bacteria culture using Qiagen (Valencia, CA) reagents and
stored in Tris—EDTA buffer solution (10 mM Tris, | mM EDTA, pH 7.4) ) or water at —20 °C.
Plasmid pEGFP-LUC encodes both the enhanced green fluorescent protein (EGFP) and firefly
luciferase protein, under the direction of a CMV promoter (Clontech, Mountain View, CA).
Plasmid pLUC encodes the firefly luciferase gene in the pNGVL1 (National Gene Vector Labs,
University of Michigan) vector backbone with a CMV promoter. Estrogen-responsive plasmid
pERE(3x)TK-ffLUC (205) contains three tandem copies of the palindromic estrogen response
element (ERE) sequence, placed upstream of a minimal herpes simplex thymidine kinase (TK)
promoter, directing expression of the firefly luciferase coding sequence in response to
transcriptional activation by estradiol (E;)-bound ERa, followed by recruitment of cofactor
complexes and basal transcriptional machinery. Plasmid pTK-rLUC (phRL-TK, Promega,
Madison, WI) contains the minimal TK promoter driving expression of a humanized renilla
luciferase and was used for normalization of the firefly luciferase plasmids. Plasmid pBGAL
encodes for nuclear-targeted [-galactosidase in the pNGVLI1 (National Gene Vector Labs,
University of Michigan) vector backbone with a CMV promoter and was used for control spots

on the array.

7.2.3 DNA complex formation
DNA complexes were formed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA),
Lipofectamine LTX (Invitrogen, Carlsbad, CA) or Effectene (Qiagen, Valencia, CA), following

manufacturer’s instructions. Briefly, for both Lipofectamine 2000 and Lipofectamine LTX,
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DNA complexes were formed at a DNA:lipid ratio of 1:2 in serum-free, Opti-MEM media

(Invitrogen, Carlsbad, CA), by adding transfection reagent diluted in media dropwise to DNA in
media, mixing by gentle pipeting, and then incubating for 20 minutes. Effectene complexes
were formed by diluting DNA into EC buffer, to which the Enhancer buffer was added at a DNA
to Enhancer ratio of 1:8. After 2-5 minutes of incubation at room temperature, the Effectene
transfection reagent was then added to the DNA/Enhancer mixture at a DNA to Transfection
reagent ratio of 1:4. After incubation at room temperature for 10 minutes, complexes were
diluted with serum-free media before addition to surfaces or cells. DNA in complexes containing
multiple plasmids was extensively mixed prior to complex formation. For induction studies in

estrogen-free media, phenol red-free Opti-MEM media was used for complex formation.

7.2.4 Multiwell dish format reporter gene assays

Multiwell dish format reporter gene assays were performed to compare the ability of
surface delivery of complexes to monitor ERa response in comparison to traditional bolus
delivery. For surface delivery, the surface of wells of a 24-well plate (Becton Dickinson,
Franklin Lakes, NJ) were serum-coated by incubation with dextran-coated charcoal-stripped FBS
(10% in 1X PBS, pH 7.4, 380 uL) for 18 hours at 4°C, followed by two wash steps with PBS (2).
Complexes were then immobilized following complex formation, as described above, by
incubation of DNA complexes (475 uL) with the serum-coated wells for 2 hours. After complex

incubation, the wells were washed twice with Opti-MEM (for Lipofectamine 2000 complexes) or

EC buffer (for Effectene complexes) and 250,000 MCF-7 cells (which had been cultured in
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estrogen-free media for 4 days) were seeded onto the immobilized DNA-lipid complexes in each
well.

For bolus delivery, MCF-7 cells, which had been cultured in estrogen-free media for 4
days, were seeded in estrogen-free medium into 24-well plates at densities of 125,000 cells per
well. Eighteen hours later, complexes, formed as described above, were diluted in antibiotic-
free, estrogen-free media and then added to the cells.

For both surface and bolus delivery, complexes contained both the pERE(3x)TK-ffLUC
plasmid and the normalization plasmid, pTK-rLUC, at a ratio of 4:1. Total DNA amounts added
for surface delivery ranged from 0.13 — 1.32 pg/em? (0.25 — 2.5 ug per well) and 0.05 — 0.26 pg/
cm’ (0.025 — 0.5 pg per well) for bolus delivery. Given binding profiles, these ranges result in
approximately the same amount of DNA bound to the surface as delivered as a bolus (2).

Immediately after complex addition for bolus delivery and 4 hours after cell seeding for
surface delivery, cells were treated with combinations of E; (Sigma-Aldrich, St. Louis, MO), the
complete anti-estrogen (antagonist) fulvestrant [(FUL), also termed ICI 182,780, Tocris
Bioscience, Ellisville, MO] or vehicle controls. E, and FUL were both dissolved in ethanol and
diluted in estrogen-free media to obtain the indicated concentrations (107"? to 10°M for Ey; 107
M for FUL) prior to addition to cells. Ethanol diluted in estrogen-free media served as the
vehicle control. Cells were harvested and assayed for firefly and renilla luciferase reporter gene
activities 48 hours after transfection using the Dual-Luciferase Reporter assay system (Promega,
Madison, WI). In this dual-luciferase system, firefly and renilla luciferases are measured
sequentially, in a single well. These measurements are accomplished by adding the firefly

luciferase substrate first, measuring luminescence, and then adding reagents that quench the
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firefly luciferase reaction and simultaneously provide the renilla luciferase substrate, followed by
measuring renilla luciferase activity. The dual-luciferase assays were carried out using an
automated microplate luminometer equipped with dual-injection ports (Mithras LB 940,
Berthold Technologies, Oak Ridge, TN). Relative dual-luciferase activity was calculated by

dividing the luminescent signal from the firefly reporter gene by the renilla luminescent signal.

7.2.5 Array fabrication

Soft lithography techniques were used to pattern DNA complex deposition. A
polydimethylsiloxane (PDMS) mold was fabricated by curing PDMS into thin, flat disks.
Briefly, PDMS was prepared in a 10:1 (v:v) ratio of Silicone Elastomer-184 and Silicone
Elastomer Curing Agent-184 (Sylgard 184, Dow Corning, Midland, Michigan) by mixing the
base and curing agent at least 50 times using a syringe mixing system. After allowing all air
bubbles to escape, the PDMS was poured directly into a polystyrene tissue culture dish (100 mm,
Corning, Corning, NY) and cured at 60°C for approximately 2 hours. The cured PDMS was
removed from the dish and rods of precise diameters were then used to punch holes into the
PDMS, with diameters of 2.4 mm. The PDMS mold was rinsed in 70% ethanol, oxidized using
oxygen plasma and then reversibly sealed to polystyrene microscope slides (Nunc, Rochester,
NY), which were fitted into custom-fabricated Teflon slide holders. The holes in the PDMS
mold, termed microwells, served as reservoirs for deposition of DNA complexes onto the
polystyrene slide. After 2 hours of complex deposition in humid conditions, the PDMS mold

was peeled away from the polystyrene, and the slide was rinsed thoroughly with Opti-MEM. For



152

all array studies, DNA concentrations ranged from 0.007 pg/pL to 0.021 pg/uL, with 2.2 uL to 4
puL of complex volume added to the microwells of the PDMS mold.

To visualize DNA complex immobilization on the array and verify deposition replicated
the pattern of the microwells in the PDMS mold, plasmid (pEGFP-LUC) was labeled with
tetramethyl rhodamine (Label IT Nucleic Acid Labeling Kit, Mirus, Madison, WI), complexed as
described above, and deposited in the microwells. After deposition, PDMS removal and rinsing,
the resulting spots were visualized with fluorescence microscopy (see below).

Transfection of cells on the array was verified by depositing complexes formed with
plasmid pEGFP-LUC in the microwells, as described above, and imaging with fluorescence
microscopy. After complex deposition, PDMS removal and rinsing, MCF-7 cells were seeded
onto the slide at a density of 10° cells per slide (18.75 cm?). Transfection was analyzed after 24
and 48 hours and characterized through GFP expression. Transfected cells were visualized using
an epifluorescence microscope (Leica; Bannockburn, IL) with a FITC filter and equipped with a
digital camera. Transfection, as assayed through bioluminescence imaging, was verified by
depositing complexes containing both pLUC and pTK-rLUC plasmids, at a 1:1 ratio. After
deposition, PDMS removal and rinsing, cells were seeded as described above. Transfection was
analyzed after 24 hours and characterized by dual-luciferase expression through light emission
(see below).

For induction studies in the array, complexes formed with different plasmids were
immobilized in different spots of the array, in triplicate. Briefly, complexes were formed with
pLUC, pERE(3x)TK-ffLUC, pERE(3x)TK-ffLUC and pTK-rLUC (2:1 ratio), or pGAL. After

deposition, PDMS removal and rinsing, MCF-7 cells, which had been cultured in estrogen-free



153

media for 18 hours, were seeded in estrogen-free medium on arrays at a density of 10° cells per
slide. Immediately after cell seeding, cells were treated with combinations of E2, FUL, or
vehicle control, as described above. Dual-luciferase levels were analyzed 24 hours later by

bioluminescence imaging.

7.2.6 Bioluminescence imaging

Expression of both luciferase reporter genes was assessed through imaging of light
production upon sequential addition of the Iluciferase substrates to the bulk media.
Bioluminescence imaging of the array was performed using an IVIS imaging system (Xenogen
Corp., Alameda, CA), which utilizes a cooled CCD camera. For imaging, ViviRen (Promega,
Madison, WI), a modified renilla luciferase substrate, was diluted to 0.66 mM in serum-
containing media and then added to the arrays at a final concentration of 10 uM. After 2
minutes, the arrays were placed into a light-tight chamber and bioluminescence images were
acquired for a total exposure time of 1 minute. Immediately following imaging with ViviRen, 1
mM D-luciferin (Molecular Therapeutics Inc., MI, 20 mg/mL in PBS), the firefly luciferase
substrate, was added into the media above the cells cultured on the array, and bioluminescence
images were acquired 3 minutes later, with 1 minute exposure. Gray scale and bioluminescence
images were superimposed using the Living Image software (Xenogen Corp., Alameda, CA). A
constant size region of interest (ROI) was drawn over the spots of the array to calculate light
signals. The signal intensity was reported as an integrated light flux (photons/s), determined by
IGOR software (WaveMetrics, Lake Oswego, OR). The signal due to firefly luciferase was

determined by subtracting ViviRen signal from the luciferin signal. Normalization was
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accomplished by dividing the firefly luciferase signal (luciferin signal minus ViviRen signal) by
the renilla luciferase signal (ViviRen signal). A renilla signal threshold was set at 3.5E4
photon/s (2X background) to distinguish spots of unreliable signals indicating insufficient

transfection.

7.2.7 Statistics

Statistical analysis was performed using JMP software (SAS Institute, Inc., Cary, NC).
Comparative analyses were completed using one-way ANOVA with Tukey post-tests, at a 95%
confidence level. Mean values with standard deviation are reported and all experiments were

performed with a minimum sample size of three, performed in replicate.

7.3 Results

7.3.1 Multiwell dish format ERE- reporter gene induction studies

Multiwell dish format reporter gene assays were performed to compare ERa-regulated,
ERE-dependent transcriptional activity in MCF-7 cells transfected via surface-mediated delivery
of DNA complexes in comparison to traditional bolus delivery (Figure 7-1). DNA complexes,
formed using an E,-responsive firefly luciferase reporter plasmid pERE(3x)TK-ffLUC and a
normalization plasmid pTK-rLUC encoding renilla luciferase, were delivered to cells via bolus
or surface delivery. Transfected cells were treated with various combinations of the agonist E,,
the complete antiestrogen FUL, or ethanol. Surface delivery of the plasmids (Figure 7-1B)
resulted in E;-stimulated responses similar to bolus delivery (Figure 7-1A), with E, statistically

inducing firefly luciferase expression 6-7 fold (p < 0.001) over vehicle control or the addition of
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Figure 7-1 Multiwell dish format reporter gene assay to compare surface delivery to traditional
bolus delivery. Surface delivery (B) of ERE reporter plasmid system (pERE(3x)TK-ffLUC and
normalization plasmid pTK-rLUC) resulted in E,-stimulated transcriptional responses in MCF-7
breast cancer cells similar to bolus delivery (A), reported as a ratio of firefly to renilla luciferase,
with E, statistically inducing firefly luciferase expression 6-7 fold over vehicle control or the
addition of FUL. (Columns labeled with same letter designate conditions not statistically
different; all other comparisons, p < 0.001).
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FUL. Hence, the physiologic state of the cells during surface-mediated delivery allowed the
cells to transcriptionally respond to E,. Further, the maximal induction of reporter gene activity
was similar whether the DNA complexes were delivered via bolus or surface-mediated
techniques.

The amount of transfected plasmid was subsequently investigated, which indicated a
similar DNA mass-dependent effect in reporter gene activity for both surface and bolus-mediated
transfection methods (Figure 7-2). For bolus delivery (Figure 7-2A), all DNA amounts resulted
in significantly different responses (p < 0.01), except for 0.11 and 0.2 pg/cm?, which were not
statistically different from each other. Maximal induction was achieved at 0.13 pg/cm?® (0.25 pg
per well). For surface delivery (Figure 7-2B), all DNA amounts resulted in significantly
different responses (p < 0.05), with 1.05 pg/cm® (2 pg per well) corresponding to the highest
induction by E,. These results indicate that sufficient amounts of DNA must be transfected for
optimal reporter gene activity, and excess amounts of DNA lead to less efficient reporter gene
activity, possibly due to toxicity, for both delivery methods.

Assuming that approximately 20% of DNA added to the cell culture dish surface is
immobilized (2), the condition with the highest induction (1.05 pg/cm?), would have presented
approximately 0.21 pg/cm? of DNA to the cells, which is higher than the bolus condition with
the highest induction (0.13 pg/cm?), but still in the range of robust activity. Therefore, surface
delivery required more DNA added to the surface than what would have been expected given
binding profiles (2). The requirement for more DNA may be due to lower than anticipated

binding efficiencies (~10%, but still within the range of profiles reported).
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Bolus Delivery
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Figure 7-2 The effect of DNA amount on E, activation of ERE reporter plasmid system
(pERE(3x)TK-ffLUC and normalization plasmid pTK-rLUC) delivered to MCF-7 breast cancer
cells. Total amount of DNA added to the surface (B) or delivered as a bolus (A), in the presence
of 10° M E,, resulted in a similar dose-response effect. (Columns labeled with same letter
designate conditions not statistically different; all other comparisons, p < 0.01 for (A), p < 0.05
for (B)).
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The specific transfection reagent used to form DNA complexes, and E, concentration
responses were subsequently investigated to determine the applicability and sensitivity of the
reporter system (Figure 7-3). For Lipofectamine 2000-DNA complexes (Figure 3A), E,-
induction profiles were not significantly different using bolus versus surface delivery (Figure 7-
3A), with E, eliciting a concentration response from 10> M to 10"° M (p < 0.05), and maximal
responsiveness observed from 107" M to 10° M E, (p > 0.05) for both delivery methods. For
Effectene complexes (Figure 7-3B), bolus delivery resulted in statistically higher levels of ERE
induction (p < 0.05) than surface delivery for all concentrations of E,, except control. However,
the level of ERE induction for surface-mediated delivery was similar whether complexing DNA
with Effectene (Figure 7-3B) or with Lipofectamine 2000 (Figure 7-3A). Therefore, the
particular transfection reagent used affected transcriptional activity via the conventional bolus
delivery, but not via surface delivery. None the less, these results demonstrate that either
Effectene or Lipofectamine 2000 can be used to deliver plasmids via surface-mediated
transfection. Further, other transfection reagents can likely be adapted for use in surface-

mediated delivery.

7.3.2 Array fabrication and verification

An array was created using soft lithography techniques to pattern DNA-lipid complex
deposition and subsequent transfection upon cell seeding (Figure 7-4). Briefly, a PDMS mold
with microwells (Figure 7-4A) was reversibly sealed to polystyrene microscope slides (Figure 7-
4B), with the microwells serving as reservoirs for deposition of DNA complexes onto the

polystyrene slide (Figure 7-4C). Rhodamine-labeled DNA complexes deposited within
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Figure 7-3 The effect of complexing agent and E, dose response on the ERE reporter plasmid
system (pERE(3x)TK-ffLUC and normalization plasmid pTK-rLUC). Bolus and surface delivery
of Lipofectamine 2000 complexes (A) resulted in induction profiles that were not statistically
different from each other, for each concentration of E,. Bolus delivery of Effectene complexes
(B) resulted in statistically higher induction (p < 0.05) than surface delivery for all
concentrations of E,, except control, however surface delivery resulted in more statistically
different induction responses. (Columns labeled with same letter designate conditions not
statistically different; all other comparisons, p < 0.05).
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microwells were immobilized to the slide in distinct regions, replicating the pattern of
microwells in the PDMS mold (Figure 7-4,D-F). Transfection of MCF-7 cells seeded onto
arrays of complexes was determined by GFP expression, and was also confined to the patterns

(Figure 7-4,G-1).

l B
..l!. C

Figure 7-4 Array fabrication with soft lithography techniques to pattern DNA-lipid complex
deposition and transfection. A polydimethylsiloxane (PDMS) mold (A) was reversibly sealed to
polystyrene slides (B), so that the holes in the mold, termed microwells, served as reservoirs for
deposition of DNA complexes onto the polystyrene (C). After complex deposition in the
microwells, the PDMS mold was peeled away from the polystyrene slide, which was then rinsed
thoroughly. Rhodamine-labeled DNA complexes were immobilized on the slide in distinct
regions, replicating the pattern of microwells in the PDMS mold (D-F). Transfection of MCF-7
cells seeded onto these arrays of patterned complexes on polystyrene slides was also confined to
the patterns, as determined by GFP expression (G-I).

7.3.3 Bioluminescence imaging of the array
Arrays formed with complexes containing plasmids encoding firefly and renilla luciferase
reporter genes (pLUC and pTK-rLUC) were used to verify the ability of bioluminescence

imaging to detect dual-luciferase expression (Figure 7-5). Transfection of MCF-7 cells seeded
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onto these arrays was assayed after 24 hours by sequentially adding the renilla and firefly
luciferase substrates. Following ViviRen addition, spot intensities averaged 1.10 x 10° + 2.56 x
10* photon/s (Figure 7-5A), which are similar to signals obtained with arrays of only pTK-rLUC
plasmid (data not shown). D-Luciferin was subsequently added to the same array, which was
then imaged to acquire a dual signal (Figure 7-5B), with average spot intensities of 3.66 x 10° +
434 x 10° photon/s. Firefly luciferase expression was determined by subtracting the initial
ViviRen signal from the signal obtained through imaging with the D-luciferin. Firefly
expression averaged 3.55 x 10° + 4.30 x 10° photon/s, also similar to intensities obtained with
arrays formed with only pLUC plasmid (data not shown). After normalization, the firefly
luciferase signal was 34 + 8§ fold greater than the respective renilla expression. Timecourse

studies revealed that the ViviRen signal remained constant for 10 minutes after substrate

120 40
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Figure 7-5 Bioluminescence imaging to detect dual-luciferase expression in an array format.
Transfection of MCF-7 cells seeded onto arrays of complexes was assayed after 24 hours by
sequentially adding the renilla and firefly luciferase substrates. The renilla substrate, ViviRen (10
uM), was first added into the media and the array was imaged to determine pTK-rLUC
expression (A). D-Luciferin (1 mM) was subsequently added to the same array, which was then
imaged to acquire a dual signal (B). Firefly luciferase expression (pLUC) was determined by
subtracting the ViviRen signal from the signal obtained through imaging with the D-luciferin.
When normalized, the firefly luciferase signal was 34 + 8 fold greater than the respective renilla
expression.
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addition. Therefore the firefly luciferase signal could be obtained using this dual imaging
strategy followed by subtraction techniques, given imaging was accomplished within 10 minutes
of ViviRen addition (data not shown). Bioluminescence imaging was able to sensitively capture
both luciferase signals, enabling the same cell population to be analyzed for the expression of

multiple reporter genes.

7.3.4 Array format ERE-reporter gene induction studies

To assess the ability of the arrays to monitor induction of ERa transcriptional activity
(Figure 7-6), complexes formed with different plasmids were immobilized as an array in
triplicates as follows: 1. pLUC, 2. no DNA (mock), 3. pERE(3x)TK-ffLUC, 4. pERE(3x)TK-
ffLUC and pTK-rLUC (2:1 ratio), and 5. ppGAL. Cells seeded on the arrays were treated with
combinations of ethanol control (Figure 7-6, A-B), 10° M E, (F igure 7-6,C-D), or 10° M E, +
10® M FUL (Figure 7-6, E-F). Dual-luciferase levels were analyzed 24 hours later using
bioluminescence imaging, by first imaging with ViviRen (Figure 7-6A, C, E), and then imaging
each array with D-luciferin (Figure 7-6B, E, F). Renilla luciferase activity was only detected in
cells transfected with pTK-rLUC plasmid (Figure 7-6A, C, E, column 4), and not in cells
transfected with only firefly luciferase-encoding plasmids (Figure 7-6A, C, E, columns 1 and 3),
a control BGAL-encoding plasmid (Figure 7-6A, C, E, column 5) or no DNA (Figure 7-6A, C, E,
column 2). Accordingly, firefly luciferase activity was only detected in cells transfected with
pLUC (Figure 7-6B, D, F, column 1) or pERE(3x)TK-ffLUC (Figure 7-6B, D, F, columns 3 and
4), but not in mock or BGAL control transfected cells (Figure 7-6B, D, F, columns 2 and 5)

These results verify the specificity of renilla and firefly luciferase detection in this system.
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Figure 7-6 Arrays to monitor ERa induction of transcriptional activity. Complexes formed with
different plasmids were immobilized in different spots of the array, in triplicate, as follows: 1.
pLUC, 2. none, 3. pERE(3x)TK-ffLUC, 4. pERE(3x)TK-ffLUC and pTK-rLUC (2:1 ratio), and
5. pBGAL. Cells seeded on the arrays were treated with combinations of ethanol control (A-B),
E, (C-D), or E, plus FUL (E-F). Dual-luciferase levels were analyzed 24 hours later with
bioluminescence imaging, by first imaging with the renilla luciferase substrate, ViviRen (A, C,
E) and then imaging each array with D-luciferin, the firefly luciferase substrate (B, E, F).
Induction of the ERE-regulated plasmid system was calculated by normalizing firefly luciferase
expression to renilla luciferase expression (G). Firefly luciferase expression was determined by
subtracting the ViviRen signal from the signal obtained through imaging with the D-luciferin.
For spots containing both the pERE(3x)TK-ffLUC and pTK-rLUC plasmids (column 4), E,
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statistically induced firefly luciferase expression 10-fold over control or FUL conditions,
reported as a ratio of firefly to renilla luciferase (G). (Columns labeled with same letter designate
conditions not statistically different; all other comparisons, p < 0.001).

As predicted, firefly luciferase activity was detected at substantially higher levels in cells
transfected with pERE(3x)TK-ffLUC and treated with E, (Figure 7-6D, columns 3 and 4)
compared to those treated with ethanol (Figure 7-6B, columns 3 and 4) or E; + FUL (Figure 7-6
F, columns 3 and 4). In control-treated arrays, spots of highest intensity were visualized for
pLUC (Figure 7-6B, column 1), given its highly active CMV promoter. Cells transfected with
both the pERE(3x)TK-ffLUC and pTK-rLUC plasmids (Figure 7-6B, column 4) resulted in
higher signal intensities in the presence of luciferin than cells transfected with only the
pERE(3x)TK-ffLUC (Figure 7-6B, column 3), as there was no carryover of ViviRen signal in the
latter spots of transfected cells without pTK-rLUC. For E, addition to the array, signal
intensities with luciferin increased as compared to the control condition for all cells transfected
with pERE(3x)TK-ffLUC plasmids (Figure 7-6D, columns 3 and 4), indicating ERa—dependent
transcriptional activation of the ERE-regulated plasmid. Expression of the pLUC plasmid was
largely unaffected by E, (Figure 7-6D, column 1). Addition of the antiestrogen FUL to the
arrays completely eliminated the signal in cells transfected with pERE(3x)TK-ffLUC alone
(Figure 7-6F, column 3), or substantially reduced signal intensities in cells transfected with both
pERE(3x)TK-ffLUC and pTK-rLUC (Figure 7-6F, column 4), in which the luminescence that
was detected was again due to carryover of the ViviRen signal. Therefore, addition of 10° M
FUL led to a complete blockade of ERa-stimulated activity by 10° M E,. pLUC expression was

also lowered in the presence of FUL (Figure 7-6F, column 1) indicating that some transcriptional
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elements in the CMV may be indirectly regulated by ERa, possibly by ERa tethering to AP1 and

SP1 proteins bound directly to DNA in this promoter.

Average renilla luminescence intensities in cells transfected with pERE(3x)TK-ffLUC
and pTK-rLUC plasmids (Figure 7-6A, C, E, column 4) were similar in control and E; + FUL
treated cells, but lower in E, alone treated cells. This lower renilla luciferase activity is likely
due to competition for transcriptional cofactors between the ERE(3x)TK and TK-only regulated
promoters. Under E, stimulation conditions, ERa transcriptional coregulators and basal
transcriptional machinery may be preferentially recruited to ERE-containing promoters rather
than promoters lacking EREs. Hence, in cells treated with E,, squelching likely occurs at the
TK-renilla luciferase promoter due to titrating out of limiting transcription factors.

Induction of the ERE-regulated plasmid system in the array mimicked results obtained
through traditional assays methods. Firefly luciferase expression was determined by subtracting
the ViviRen signal from the signal obtained through imaging with the D-luciferin, which was
then normalized by the ViviRen signal (Figure 7-6G). For cells transfected with both the
pERE(3x)TK-ffLUC and pTK-rLUC plasmids (Figure 7-6, column 4), E; statistically induced
dual-luciferase activity 10-fold (p < 0.001) over control or FUL conditions (Figure 7-6G). This
robust induction verifies that the array can accurately report on the activity of the ERa
transcription factor. The concentration response of E, was examined to determine the sensitivity
of the reporter system in an array format (Figure 7-7). For arrays with spots containing both the
pERE(3x)TK-ffLUC and pTK-rLUC plasmids, increasing the concentration of E, statistically
increased the induction of firefly luciferase expression (p < 0.05), capturing the concentration-

response of E; in the induction of this plasmid system.
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Figure 7-7 Concentration response of E, on the ERE reporter plasmid system in an array format.
For spots containing both the pERE(3x)TK-ffLUC and pTK-rLUC plasmids, increasing the
concentration of E, statistically increased the induction of firefly luciferase expression, verifying
a true concentration-response of E, in the induction of this plasmid system in an array format.
(Columns labeled with same letter designate conditions not statistically different; all other
comparisons, p < 0.05).

7.4 Discussion

Methods to use mammalian cells as suitable screening systems need to be developed to
elucidate gene function and cellular pathways responsible for diseases (99). Transfected cell
arrays offer an advantage in their ability to analyze the expression of genes and the function of
proteins in living cells, where the machinery is present to ensure correct function of the gene
products. These live cell microarrays could provide a method to link gene expression to
functional cell responses, with the potential to impact many aspects of science and medicine.
Transfected cell arrays have been primarily used for identification of gene function (107) and
discovery of novel genes and proteins (95), and have potential utility in emerging applications

such as detection of biological warfare agents and environmental toxins through surface
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receptors (101), detection of tumor-associated antigens (206), and determination of molecular
markers or targets (98), prior to the costly development of novel diagnostic and therapeutic
strategies. With many possible applications for transfected cell arrays, technological advances
are needed to improve array accuracy and consistency and to facilitate endpoint analysis (97,98).
We have combined dual plasmid delivery and bioluminescence imaging to create a transfected
cell array that allows for normalization of transfection, and provides rapid and sensitive
quantification of the cellular response with minimal post-transfection processing.

In our transfected cell array, we employed a dual plasmid system to provide
normalization, sensitivity, and quantification, which are all intricately related, in part, through
the transfection efficiency. Spot to spot variability in transfection can compromise the ability to
quantify a response within an array, as sub-maximal responses may indicate either a limited
effect or simply inefficient or unequal delivery. A variance in fluorescence intensity of
transfected cells (GFP) has been noted between spots of the array, which likely correlates with
the number of plasmids internalized (97). Therefore, to enable normalization of transfection
efficiency, a two-plasmid system consisting of: i) a normalization plasmid that is present within
each spot, and ii) a functional plasmid that varies between spots and is responsible for the
functional endpoint of the array, was deposited in each spot. Both plasmids contain the same TK
promoter, which is important for normalization, and should allow comparison between cell lines
on the array. Delivery of two plasmids has been shown to result in a majority of cells expressing
both reporter genes (unpublished observations). To normalize with a second plasmid, the
efficiency of delivery must be sufficient to obtain a signal from each plasmid. This issue was

addressed using larger spot sizes relative to many previous reports. Small spot size can
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contribute to low transfection efficiencies (98), which are detrimental because each spot on the
array may contain so few cells that an insufficient number of cells are transfected locally to be
statistically informative (107). Small spots with low transfection efficiency make image
acquisition and quantification difficult and lower sensitivity, which can lead to high false
positive and false negative rates (106), further demonstrating a need to account for efficiency and
normalization issues to increase the reliability of quantitative data obtained from each spot (119).
To further address issues with transfection efficiency, and for cells difficult to transfect, our array
fabrication and normalization approach could be compatible with viral delivery (59,125,126),
however a plasmid system is more versatile due to the easier production and handling methods.
Bioluminescence imaging (202) was employed to quantify the response of the dual
plasmids within the array, with minimal post-transfection processing and high sensitivity.
Endpoint analysis for the arrays often requires tagging or staining (97) to report gene function,
which can require extensive post-transfection processing, such as fixation and immunostaining
(102,207). The normalization and functional plasmids contain renilla and firefly luciferase
reporters respectively, which can both be rapidly quantified in each spot by sequential addition
of the respective substrates to the culture media followed by imaging of the array. Luciferase
reporters are known to be more sensitive than GFP, without the issues of autofluorescence and
background signals (202). Luciferase is more quantitative and allows for small differences in
expression to be determined, which enabled our system to determine a dose response to an
external stimulus. An additional potential advantage, the short half-life of luciferase could allow
for real-time imaging to follow the dynamics of gene activity (202). However, alternative

imaging systems requiring automated microscopy and image processing (96,207) can allow for
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detection of changes in cellular morphology and cellular level data, which is not possible with
bioluminescence imaging.

The array was used to quantify the activity of the ERa in breast cancer cells with an ERE-
regulated promoter reporter system, as an example of an inducible plasmid system in a cancer
model. ERa, a member of the nuclear receptor superfamily of transcription factors, activates
transcription through binding of its ligand, E;. Expression of ERa is clinically used as a
biomarker to determine treatment for breast cancer patients (138,139). However, simple
expression of transcription factors like ERa does not necessarily reflect pathway activation, as
transcription factor activity is regulated through diverse mechanisms (144), including
heteromeric complexes, ubiquitination, methylation, acetylation, and other post-translational
modifications such as phosphorylation. The transfected cell array allows for the determination of
transcription factor activity. In the case of the ERa, we assayed for induction by E,. Induction
in the array mimicked results obtained through traditional luciferase assay methods, with E,
inducing luciferase expression 10-fold over fulvestrant or vehicle controls. The array also
captured the varying ER activity in response to a range of E, dosages, further demonstrating the
sensitivity of the bioluminescence quantification system.

In summary, this chapter demonstrates the ability to quantitatively assess a transfected
cell array using dual bioluminescence imaging to enable normalization of transfection efficiency,
while reducing post-transfection processing and increasing sensitivity. Additionally, ER activity
was quantified in a physiologically relevant model of breast cancer, indicating the effectiveness
of the array system, as many of the published arrays have only used HEK293T cells, a cell line

known to be easily transfected and not applicable to many relevant biological endpoints or
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applications. The dual plasmid system and bioluminescence imaging are enabling technologies
that, when combined with high throughput arrays involving large numbers of plasmids, have the
potential to impact basic research in cancer and other disciplines through investigation of
fundamental biological processes (206). With further advancements in the transfection of
primary cells, transfected cell arrays have the potential for use in cancer medicine, to classify
clinical cancer samples through prognostic profiles (208), to provide novel information regarding

disease progression, and to identify molecular targets for patient-specific therapy (209).
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Chapter 8

Conclusions and Future Directions

8.1 Substrate-mediated delivery of nonspecifically immobilized
complexes

A fundamental goal of biotechnology is to develop systems capable of controlled and
efficient gene transfer, which offer the potential to overcome extracellular barriers that limit gene
delivery, including aggregation of DNA complexes, degradation of complexes, and in particular
mass transport limitations that result in low concentration of DNA at the cell surface. DNA
delivery can be enhanced by increasing the concentration of DNA in the cellular
microenvironment through immobilization of DNA to a substrate that supports cell adhesion.
Cells cultured on these substrates are exposed to elevated DNA concentrations, which enhances
transfection (2-6). However, the parameters that govern substrate-mediated gene delivery need
to be determined.

DNA, complexed with cationic polymers or lipids, can interact with substrates through
non-specific mechanisms, including hydrophobic, electrostatic, and van der Waals interactions.
Polyplexes and lipoplexes non-specifically immobilized to serum-coated substrates have been
shown to enhance the extent of transgene expression (2), presumably by increasing the cellular
association of immobilized DNA (3). Fibronectin coating of substrates prior to complex
immobilization mediated high levels of transgene expression, potentially by targeting
internalization through caveolae-mediated endocytosis (4). PEI-DNA complexes nonspecifically

adsorbed to poly(lactide-co-glycolide) (PLGA) scaffolds (48) or collagen films (49) resulted in
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robust substrate-mediated gene delivery.  Substrate-mediated delivery of nonspecifically
immobilized complexes has also been accomplished with complexes formed with dendrimers,
adsorbed to PLGA and collagen membranes coated with phosphatidyl glycerol (1-5%) (46), and
PEI-DNA complexes freeze-dried onto polystyrene wells (45). Furthermore, DNA has been co-
precipitated with inorganic minerals (calcium phosphate) onto cell culture surfaces, (44) and
PLGA matrices (47) for subsequent delivery to cells cultured on the substrates.

In each of these published studies, the parameters governing the delivery of the DNA
complexes from the surface, in particular the mechanism by which the properties of the surfaces
influenced complex binding and subsequent transfection, were not thoroughly examined. As
surface properties are critical to the efficiency of the surface delivery approach (82), SAMs of
alkanethiols on gold were used in this thesis as a well-defined tool to correlate the surface
chemistry of the substrate to binding, release, and transfection of non-specifically immobilized
complexes (Chapters 4 and 6). Surface hydrophilicity and ionization were found to mediate both
DNA complex immobilization and transfection, with SAMs containing only carboxylic acids
groups resulting in the greatest amounts of immobilization and transfection (Chapter 4).
However, surface chemistry had no effect on complex release. Additionally, SAMs were used in
conjunction with soft lithographic techniques to imprint substrates with specific patterns,
resulting in patterned DNA complex deposition and transfection, with transfection efficiencies in
the patterns nearing 40% (Chapter 4).

Subsequent studies used SAMs to provide a controlled surface to investigate the effect of
surfaces presenting oligo(ethylene glycol) (EG) groups on substrate-mediated delivery (Chapter

6). We hypothesized that the presence of EG groups in a SAM could serve to convey the desired
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properties of PEG on gene delivery (reduced aggregation, complex size stability), while
potentially promoting complex-cell membrane interactions, but without attachment to complexes
to inhibit binding to cells or subsequent transfection. Nonspecific complex immobilization to
SAMs containing combinations of EG- and carboxylic acid- terminated alkanethiols resulted in
substantially greater transfection than surfaces containing no EG groups or SAMs composed of
EG groups combined with other functional groups. Enhancement in transfection levels could not
be attributed to complex binding densities or release profiles. Atomic force microscopy imaging
of immobilized complexes revealed that EG groups within SAMs affected complex size and
appearance and could indicate the ability of these surfaces to preserve complex morphology
upon binding, thereby enhancing the activity of substrate-mediated delivery of DNA complexes.
While the studies explored in this thesis examined substrate-mediated gene delivery by
immobilization of entire complexes, an alterative strategy to nonspecifically immobilize DNA to
substrates is to attach cationic groups to the material to promote naked DNA binding. Collagen
was cationized through modification with amino groups or polylysine (50) for DNA binding.
Alternatively, PEI or PLL was bound or blended with PLGA or collagen (51,52), resulting in
DNA binding and cellular transfection in vitro. DNA has also been bound to substrates through
polyelectrolyte films that promote localized delivery to cells (42). However, binding of plasmid
DNA to a cationic material may prohibit cellular binding to these substrates (42) or exhibit
limited cellular internalization due to the strong interactions between the DNA and the material
and therefore immobilization of whole complexes to the surfaces, as presented in this thesis,

appears to be a more effective strategy.
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SAMs for substrate-mediated delivery of nonspecifically immobilized complexes could
be used to further unravel the mechanisms of complex immobilization and subsequent
transfection, as well as how complex-cell and cell-surface interactions contribute to delivery.
Previous reports from our lab have shown that polyplexes and lipoplexes non-specifically
immobilized to serum-coated substrates result in enhanced transgene expression in both cell lines
and primary human-derived cells, along with an increased cellular viability. This enhancement
was dependent on both the properties of the complex (e.g., complexation agent, N/P ratio), and
substrate treatment (e.g. serum-coating vs. none) (2). The properties of the surfaces and vectors
were further shown to be critical determinants of cellular association of immobilized DNA (3).
These findings, combined with the results presented in this thesis, suggest that surface chemistry,
either introduced through SAMs or by protein coatings, contribute to the type of complex
binding to the surface. That is, on hydrophobic surfaces conformational changes may contribute
to irreversible binding that limits cellular uptake, while hydrophilic substrates, which generally
result in reversible interactions for proteins, may facilitate cellular internalization (82). Surface
chemistries and, in particular, protein coatings can regulate the interaction of the complexes with
the surface, but these surfaces may also alter the way in which cells attach to the surface. SAMs
could be used to investigate how surface chemistry affects protein adsorption, which in turn
affects complex conformation upon adsorption and potentially transfection efficiency, but also
how surface chemistry and protein coatings affect the cells adhered to the surface.

SAMs have been used for numerous studies to investigate how underlying surface
chemistry modulates protein adsorption in terms of adsorbed species density and biological

activity. Surface chemistry modulates the structure (210) and activity of adsorbed fibronectin
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(211,212) and fibrinogen (213), which can in turn modulate cellular activities, dramatically
affecting focal adhesion assembly and signaling (214), which may regulate nonviral gene
transfer (215). SAMs could be used to control the presentation of protein coatings, in particular
fibronectin, which has been shown to enhance substrate-mediated gene delivery potentially by
targeting internalization through caveolae-mediated endocytosis (4), to not only show how
protein conformation can influence complex binding to the surface, but can further affect the
cellular binding and activity on the surface, which could have dramatic effects on gene delivery.
Further studies with EG-terminated thiols may also better elucidate the effect of complex
conformation, and should include further AFM studies on a more diverse array of SAMs
presenting a wider range of EG groups, as well as the ability of PEG to affect substrate-mediated
gene delivery from alternative substrates.

Finally, the principles by which surface chemistry mediates surface delivery could be
applied to biomaterials for tissue engineering applications. Specifically, the surfaces of
hydrogels (22) or PLGA scaffolds (48) could be modified to present charged, carboxylic acid
functional groups with combinations of EG groups to subsequently immobilize DNA complexes,
for implantation in vivo. These DNA-loaded scaffolds could be used in wound healing
applications, spinal cord regeneration bridges, or scaffolds for islet transplantation, in addition to

cardiovascular applications (see Chapter 3).

8.2 Substrate-mediated delivery of tethered complexes

SAMs of alkanethiols on gold were also used to provide a controlled surface to

investigate transfection resulting from DNA complexes immobilized to a substrate through
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specific interactions. DNA complexes can be immobilized on the substrate through interactions
introduced through complementary functional groups on the vector and surface. Previous studies
on specific attachment of nonviral vectors investigated two cationic polymers, PLL and PEI,
modified with biotin residues for subsequent complexation with DNA and binding to a
neutravidin substrate (5,6,22). For complexes formed with PLL, the number of biotin groups and
their distribution among the cationic polymer were critical determinants of both binding and
transfection. Increasing the number of biotin groups per complex led to increased binding (5).
However, in vitro transfection was maximal when complexes contained biotin residues attached
to a small fraction of the cationic polymers (6) and transfection at this condition was increased
100 fold relative to bolus delivery of similar complexes (5). A specific interaction between
cyclodextrin and adamantine has also been utilized to immobilize complexes of cyclodextrin-PEI
with DNA on adamantine-functionalized surfaces by inclusion complex formation (38).
However, in these previous studies, the specific tethering strategies have been plagued with
nonspecific adsorption of complexes (6) or transfection was not investigated (38), making
understanding or further use of these systems difficult.

In this thesis, DNA, complexed with PEI, was covalently linked to SAMs presenting
appropriate functional groups through a fraction of the functional groups available on the PEI
present in the complex (Chapter 5). Our goal was to directly attach unmodified complexes to
substrates, rather than attaching moieties to PEI prior to complexation or after, to avoid
complications with complexation and complex activity. SAMs were again used as model
substrates, in that they present a uniform, defined surface chemistry and offer laterally well-

defined sites at which biomolecules can be covalently attached to specific functional elements.
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EG-terminated alkanethiols (165,166) were incorporated into the SAMs presenting the

appropriate functional groups for the covalent tethering strategies to limit nonspecific complex
adsorption. Covalent tethering by EDC/NHSS, glutaraldehyde, sulfo-SMCC, and AEDP resulted
in lower complex binding than corresponding conditions without the addition of crosslinker. In
each of these cases, the presumed covalent tethering of complexes resulted in no transfection,
which could be evidence of successful tethering, or more probably, inactivation of the
complexes, as the addition of a reducing agent to cleavable crosslinkers (AEDP, sulfo-LC-
SMPT) did not affect complex binding densities or transfection.

In the covalent coupling studies presented in this thesis, the lowered binding densities and
complete lack of transfection may be evidence for tethering, verifying our system could be the
foundation for further studies. However, release profiles, toxicity issues, the inability to cleave
cleavable crosslinkers and vast amounts of nonspecific binding suggest more work is needed to
investigate complex tethering. Alternative studies that explore the presence of the tether,
including XPS or FTIR, may be necessary to verify successful coupling. The extent of tethering,
controlled through the amount of amines present within the complex (N/P ratio) and functional
groups on surface, should be examined, as the extent of modification of complexes has been
previously shown to be important to specific immobilization of complexes and subsequent
transfection (6). The concentration of crosslinkers used, as well as conjugation times and ionic
strength and pH of conjugation buffer (159), may also need to be investigated for optimal
tethering. Additional strategies to reduce nonspecific binding may need to be investigated,
including varying the length and percentage of EG groups within the monolayers, as well as

utilizing alternative anti-fouling polymers. As PEI adsorption appears to promote cell adhesion
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on EG-containing SAMs (Chapter 5), surfaces with greater percentages of EG groups could be

used to potentially further reduce nonspecific binding, while still allowing for complex
attachment, which in turn could allow for cell adhesion on these substrates. The addition of
greater EG percentages could also serve to preserve complex morphology to further enhance
transfection (Chapter 6).

Other specific tethering strategies may also need to be explored, including attachment of
the amines within the PEI-DNA complexes to COOH-terminated SAMs through formation of an
interchain carboxylic anhydride intermediate (162), coupling of amine-containing PEI-DNA
complexes to NHS-terminated SAMs (158), tethering via photocleavable bonds (216),
attachment using active-site directed ligands (217), tethering through ligand-receptor interactions
(5,6,218), or coupling a His-tag to PEI for complex immobilization to nitrilotriacetic acid groups
grafted onto SAMs (172,219). If attachment of whole complexes proves to be difficult, the
above strategies could be modified to attach PEI alone, which could then be used to mediate
binding of naked DNA (51) or complexes.

Once a tethering strategy is selected as a proof of principle that attachment of whole,
unmodified complexes to SAMs is possible, the characteristics of the crosslinker bridge between
the two known end moieties could be altered in terms of its length and degradation properties.
Specific sites could be designed into the linker, to degrade under very specific conditions and to
release complexes in desired spatial and temporal patterns, so that cell-associated enzymatic
activity could cleave the linker to release the DNA for subsequent transfection, similar to studies
exploring VEGF (220) or peptide-based gene delivery from fibrin matrices (39,86) released upon

degradation of matrix metalloproteinase (MMP)-sensitive peptides within the matrix. These
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covalent tethering strategies could be extended to biomaterial surfaces, to provide controlled and

efficient delivery in tissue engineering applications.

8.3 Transfected cell arrays

Transfected cell arrays represent a high-throughput technique to correlate gene
expression with functional cell responses (95,129,130), based on gene delivery from a substrate
that supports cell adhesion. These arrays provide the ability to express, in parallel, thousands of
exogenous genes in live cells, giving real-time information on cellular physiology and gene
function.  First developed by Sabatini’s group in 2001 to analyze gene functions for
phosphotyrosine activity (95), the transfected cell array has been adapted to a variety of
applications, to study signaling pathways (100), screen antibody fragments (101), identify
possible new lysophosphatidic acid receptors (102), perform protein localization studies
(103,104), screen for proapoptotic genes (105,106), and annotate protein function (107). The
transfected cell array has also been adapted to high-throughput RNAi studies (108-111). Efforts
to improve transfected cell arrays have included incorporating fibronectin (112), atelocollagen
(113), and recombinant proteins (114) with plasmid DNA or DNA complexes to mediate high
transfection in the array. Studies have also investigated the effect of surface properties of the
slide, including substrate hydrophobicity on transfection efficiency in array (115), as well as the
effect of coating cationic polymer and collagen onto surfaces prior to transfection (116). Arrays
have also been formed with dendrimers (123), magnetic beads (124) and viral vectors
(59,125,126), for Drosophila cells (127) and nonadherent cells (128). Despite advances in

transfected cell arrays, improvements are needed for the widespread application of this



180

technology, to accommodate issues with transfection efficiency, spot-to-spot variability,
normalization, post-transfection processing, sensitivity, image acquisition and quantification, cell
types that can be used, as well as to expand the biological endpoints.

We have developed a transfected cell array that combines a two-plasmid system and dual
bioluminescence imaging to quantitatively normalize for variability in transfection and increase
sensitivity (Chapter 7). The two plasmids consist of: 1) normalization plasmid present within
each spot, and ii) functional plasmid that varies between spots, responsible for the functional
endpoint of the array. Bioluminescence imaging of dual luciferase reporters (renilla, firefly
luciferase) provided sensitive and quantitative detection of the cellular response, with minimal
post-transfection processing (202). The array was applied to quantify estrogen receptor a (ERa)
activity in MCF-7 breast cancer cells. Estrogen receptor o (ERa) expression is an important
biomarker for determining treatment course for clinical breast cancer. Estrogens, via ERa, act as
potent mitogens of ER-positive breast cancer (138,139). A plasmid containing an ERa-regulated
promoter directing firefly luciferase expression was mixed with a normalization plasmid,
complexed with cationic lipids and spotted into an array using soft lithography techniques. ER-
positive MCF-7 breast cancer cells were seeded onto the immobilized DNA-lipid complexes and
treated with combinations of E,, the complete antiestrogen (antagonist) fulvestrant (FUL) or
vehicle controls. ER induction mimicked results obtained through traditional assay methods,
with estrogen inducing luciferase expression 10-fold over FUL or vehicle. Furthermore, the
array captured a dose response to estrogen, demonstrating the sensitivity of bioluminescence

quantification.
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Our transfected cell array system, which offers many improvements over existing
technologies, provides a tool for basic science research but also offers the potential to impact
cancer medicine. However, there are still further advancements to our system that need to be
explored. The efficiency and reproducibility of array fabrication need to be improved, through
robotic spotting techniques (95,112,115), which can be difficult to translate to spotting of whole
complexes. The number of plasmids on each slide also needs to be increased, which will be
facilitated by robotic spotting. By increasing the number of plasmids, single pathways can be
examined in greater detail, for instance by including plasmids that express additional cofactors
important in ERo transcriptional activity (221), or transcription factors involved in other
signaling pathways in cancer can be explored. While our system was used with MCF-7 cells,
other breast cancer cell lines need to be used in conjunction with these arrays, to probe for
differences in signaling pathways employed by different breast cancer cell types, to demonstrate
the ability of our system to support transfection in a multitude of cell types. Finally, the biggest
test of our system will be to extend the array to primary cells isolated from patient biopsies, to
correlate expression with grade and stage, which could lead to more appropriate, accurate and
individualized treatments. Ultimately our system could impact cancer medicine, by increasing
understanding of biological processes of cancer cells, and defining cancer subtypes and response
to specific therapies, as well as classifying clinical cancer samples to identify patient-specific
molecules and factors to assist in proper diagnosis and patient-specific therapy (206,208,209).

In summary, this thesis has presented basic studies on the mechanisms of substrate-
mediated gene delivery, in particular the dramatic effect of surface chemistry on immobilization,

transfection, and morphology of DNA complexes. When designing controlled release systems
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for substrate-mediated gene delivery, whether for in vitro applications like transfected cell
arrays, or for in vivo implantation in tissue engineering applications, the choice of surface
chemistry should be carefully considered to optimize gene delivery. Furthermore, modulating
the surface chemistry could allow for more tailored release profiles and subsequent gene
expression. Finally, transfected cell arrays have the ability to be used in basic and diagnostic
research applications, but have been limited primarily by shortcomings in quantification and
normalization methods. Our system, employing two plasmids in each spot, combined with
bioluminescence imaging, should serve as a standard for fabrication of transfected cell arrays to

report on signaling pathways.
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